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Abstract

The Mn+1AXn (MAX) phases are layered, hexagonal, early transition-metal carbides

and nitrides, where M is an early transition metal, A is an A-group (mostly groups IIIA

and IVA) element, and X is C and/or N, and n = 1, 2, 3, . . . , with a unique combination of

metallic and ceramic properties. In this thesis, magnetic properties of pure and Mn-doped

Cr-based MAX phases in the bulk form synthesized via solid state reactions have been

studied systematically, aiming to find strong magnetism in the MAX phases.

When M is the 3d transition metal element, only materials consisting of M lighter than

Cr are known to exist as equilibrium phases. The pure Cr2AC (A = Al, Ga, Ge) compounds

show Pauli paramagnetic behaviors down to the lowest temperature. This result is in

discordance with most of results of first-principle calculations, which predict magnetically

ordered ground state. The magnetism is more exchange-enhanced in the order of Cr2GeC,

Cr2GaC and Cr2AlC. Furthermore, Cr2GeC was found to be most enhanced among all

known MAX phases. On the other hand in Cr2GaN, which is only one Cr-based nitride

ever known, a magnetic phase transition, most probably to the spin-density-wave (SDW)

state, has been found at ∼170 K. The origin of the SDW transition is interpreted in terms

of possible Fermi-surface nesting in the two-dimensional-like electronic structure.

Aiming to enhance the magnetism, we have tried to substitute Mn for Cr in Cr2AC (A =

Al, Ga, Ge). We succeeded in doping Mn in the ranges of x≤ 0.25, x≤ 0.35, and x≤ 0.18

for (Cr1−xMnx)2GeC, (Cr1−xMnx)2GaC, and (Cr1−xMnx)2AlC, respectively. Their mag-

netic responses are quite contrasting. In (Cr1−xMnx)2GeC, we observed the appearance of

itinerant-electron ferromagnetism associated with the Mn doping. The Curie temperature

and the spontaneous moment reach TC ' 270 K and ps ' 0.3 µB/Cr, respectively at the
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highest Mn concentration. In (Cr1−xMnx)2GaC, the exchange-enhancement of antiferro-

magnetic type has been observed, although the enhancement is not enough to stabilize

long-range magnetic ordering. In contrast, the Mn doping induces nearly no magnetic

enhancement in Cr2AlC.

As a whole, the magnetism of the Cr-based MAX phases are well interpreted in terms

of the itinerant-electron magnetism of Cr-3d bands in two-dimensional-like electronic

structures.
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Chapter 1

Introduction

Metallic materials are typically characterized by being thermally and electrically con-

ductive, plastically deformable, readily machinable, thermal shock resistant, damage tol-

erant, low in hardness, etc. On the other hand, ceramics are generally characterized by

high elastic modulus, good high-temperature mechanical properties, good oxidation and

corrosion resistance, etc. However, the relatively recent discovery of a family of new

materials, namely MAX phases have provided a possibility for materials that possess a

useful combination of both metallic and ceramic characteristics [1–6].

1.1 General introduction of MAX phases

1.1.1 Variation

The Mn+1AXn (space group P63/mmc, abbreviated as MAX) phases are layered, hexag-

onal, early transition-metal carbides and nitrides, where M is an early transition metal, A

is an A-group (mostly groups IIIA and IVA) element, and X is C and/or N, and n = 1, 2,

3, . . . , as shown in Fig. 1.1 [1, 3]. MAX phases were first discovered in the 1960s, when

Nowotny and co-workers synthesized and characterized a large series of MAX phases

with n = 1 [7–15]. And, to date, there have been more than 60 different MAX phases

known to exist [1–4, 16].

According to the value of n, the M2AX , M3AX2, and M4AX3 phases are also referred
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Figure 1.1: The MAX phases are made up of an early transition metal M (red) in the pe-

riodic table, an element A from the A-group, usually IIIA and IVA (blue) , and a third el-

ement, X, which is either nitrogen or carbon (black), in the composition Mn+1AXn, where

n is 1, 2, or 3. ‘Lu’ stands for lanthanide elements.

to as 211, 312, and 413 phases, respectively. Most of the MAX phases are M2AX phases.

The possible M, A and X elements are shown in Fig. 1.1 [1]. A new MAX phase, Lu2SnC,

where Lu is one of rare-earth elements, has been discovered with superconductivity [17].

Recently, another new early transition metal, Mn, also attracts attention of researchers on

the study of magnetism [18–28]. Mn2GaC has been synthesized in the form of thin films

to study the magnetism [27].

All ‘pure’ MAX phases synthesized experimentally so far are listed in the Table 1.1. In

this table, solid solutions and hypothetical MAX phases for calculations are not included.

From this table, general facts are summarized as follows:

(1) Most Mn+1AXn (n = 1, 2 and 3) are carbides, and only several materials are nitrides.

(2) The vast majority are M2AX phases, and other phases with n = 2 and 3 are those with

M = Ti or A = Al.

(3) The most versatile M is Ti. The most versatile A is Al or Ga [1].

1.1.2 Crystal structures

Mn+1AXn phases are layered, hexagonal, and with two formula units per unit cell, as

shown in Fig. 1.2. For all n values, nearly closed-packed M layers are interleaved with

2
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Figure 1.2: Crystal structures of MAX phases, M2AX , M3AX2, and M4AX3 (3× 3× 1

unit cells, space group P63/mmc), with emphasis on the edge-sharing nature of M6X

octahedra. Red, blue, and black balls represent M, A, and X, respectively. Only α phases

are shown for M3AX2 and M4AX3.

layers of the group-A element with X atoms filling octahedral sites among A atoms. The

M6X octahedra are edge-shared and identical to those found in the rock salt structure.

The A element is located at the center of trigonal prism whose space is larger than the

octahedral site and thus is able to accommodate the larger A atom. The main difference

between the structures with different n values (Fig. 1.2) is the number of M layers between

A layers, two in M2AX , three in M3AX2, and four in M4AX3 [1, 4].

The number of non-equivalent sites is three for M2AX , four for M3AX2, and five for

M4AX3 [1]. M3AX2 and M4AX3 have two and three polymorphs, respectively.

In this thesis, we concentrate on M2AX , which forms the hexagonal Cr2AlC-type crys-

tal structure (space group P63/mmc). The information on the structure is listed in Table

1.2.

Its unit cell contains two formula units. X atoms are positioned at 2a (0, 0, 0), A

atoms at 2d (1
3 , 2

3 , 3
4 ) and M atoms at 4f (2

3 , 1
3 , z). The structure is thus defined by two

lattice parameters, a and c, and the internal structural parameter, z. The ideal value of

4



Table 1.2: Sites and coordinates in M2AX with the Cr2AlC-type structure (space group

P63/mmc).

Atom Wyckoff location x y z

M 4f 2
3

1
3 z

A 2d 1
3

2
3

3
4

X 2a 0 0 0

z is 1
12 = 0.083. In the Cr2AlC-type structure, the bonding between M and X is much

stronger than that between M and A, resulting in two-dimensional characteristics of the

M-X planes [50].

1.1.3 Physical and chemical properties

MAX phases have attracted considerable attention recently due to their unique ma-

terial properties combining the characteristics of metals and ceramics and the presence

of a large number of isostructural compounds. Investigated properties include, high ther-

mal stability, excellent thermal and electrical conductivities [2], together with excellent

machinability [1, 5], fully reversible dislocation-based deformation [51], and stability of

nanosheets upon exfoliation [52, 53]. In addition, anisotropic optical and electronic prop-

erties are predicted [54, 55], including tunable conductivity in the c direction [56].

MAX phases are excellent metallic electrical conductors. Some, such as Ti3SiC2

and Ti3AlC2, are better conductors than Ti metal itself [1]. They are also good thermal

conductors.

Most of MAX phases show a Pauli paramagnetic behavior, like Ti3AlC2 [57] and

Ti3SiC2 [58, 59]. The superconductivity has also been found in MAX phases. The first

report of the superconductivity is for Mo2GaC in 1967 by Toth [60], with a critical tem-

perature ∼3.9 K [4]. Since then, the superconductivity below ∼1 K has been reported

for some MAX phases such as Nb2SC [42, 43], Nb2SnC [46], Nb2AsC [44], Ti2InC [32],

Nb2InC [45], Ti2InN [35], Ti2GeC [31], and Lu2SnC [17].
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In the following, the electronic structures of the MAX phases known from calculations

are summarized. As examples, typical results of the density of states estimated by DFT

calculations [61] are shown in Fig. 1.3:

(1) M-d electrons mainly contribute to N(EF) and take part in the conduction. A electrons

do not contribute significantly to N(EF). X electrons do not contribute to N(EF) and

therefore are not involved in the conduction [55, 61–70].

(2) Similarly to MX compounds, p-d interactions between M and X are quite strong. The

states below EF result from hybridization between M-d and orbitals, leading to strong

covalent bonds [71].

(3) The interactions between M-d and A-p are weaker than those between M and X.

(4) There are little to no A-A or X-X bonds.

(5) There is an increasing trend in N(EF) with increasing the number of valence electrons

of the transition metal in the systems of M2AlC, M2GeC and M2GaN (M = Ti, V, Cr) [61,

65–69, 72–74]. This means that the Fermi energy EF increases by substituting transition

metals V and Cr for Ti. This is one of the reasons why we start the present study from

Cr-based MAX phases.

It is notable that several papers deal with the differences in electronic structures be-

tween carbides and hypothetical nitrides, for example, Ti2AlX (X = C or N) [75], and

Cr2AlX (X = C or N) [76, 77], and Cr2GeX (X = C or N) [77], and V2AlX (X = C or N)

[78]. An increase in covalent bonding was seen from carbides to nitrides owing to the

spd hybridization. The results also show that bonding is due to M-d-X-p and M-d-A-p

hybridizations, and the M-d-A-p bonds are stronger in M2AN than in M2AC.

1.1.4 Magnetic MAX phases

Among a number of studies on MAX phases, there are few studies on magnetic prop-

erties, especially on experiments. Experimentally, Ti3AlC2 [57] and Ti3SiC2 [58, 59]

have been reported to be Pauli paramagnetic.

Recently, an increasing number of researchers attempt to synthesize magnetic MAX

phases [18, 19, 79] because magnetic MAX phases with metallic and ceramic-like prop-

6



Figure 1.3: Partial density of states for (a) Ti2AlC, (b) Cr2AlC, and (c) Cr2GeC in the

paramagnetic state [61].
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erties [20–28, 80] are fascinating from the standpoints of both fundamental science and

technological applications. For example, a substantial progress could happen in magnetic

multilayers for magnetic recording and data storage if strong magnetism was found in in-

herently nanolaminated MAX phases instead of the artificially sandwiched materials used

at present [77].

Very recently, the addition of magnetic functions to MAX phases has aroused con-

siderable interest from a number of researchers. Possible spin polarization in MAX

phases such as Cr2AlC [71, 80, 81], Cr2GeC [82–86], hypothetical Fen+1ACn [87], and

(Cr1−xMnx)2AlC [19], has been suggested from electronic structure calculations. Experi-

mental efforts to find magnetic phases have also been made in (Cr1−xMnx)2AlC [20] and

(Cr1−xMnx)2GaC [21], and the discovery of room-temperature spontaneous magnetiza-

tion has been reported just recently in single-crystalline thin-film (Cr0.75Mn0.25)2GeC,

which was predicted based on calculations [22].

1.2 Magnetism of metals

1.2.1 Localized vs. itinerant magnetism

Magnetism is one of typical many-body problems in the condensed matter physics,

which are difficult to the treated straightforwardly. Particularly, the debate between the

local moment model and the itinerant electron model has a long history in the field of

metallic magnetism and appears repeatedly as renewed subjects in the condensed matter

physics. In the localized magnetism, the principal part of the magnetism is appeared as

the orientational average of magnetic moments with fixed magnitudes, which leads to the

Curie-Weiss behavior of the susceptibility in the paramagnetic state. On the other hand,

the magnetic ordering of itinerant electrons is interpreted as the split of up- and down-

spin bands, and the unpolarized state is typically characterized by the nearly temperature-

independent Pauli paramagnetic susceptibility. However, after extensive theoretical and

experimental studies of metallic magnets in these several decades, it is now established

that the magnetism of actual materials distributes in a wide range between localized and

8



itinerant electron regimes depending on the extent of the electron correlation and the

electron transfer.

In the case of MAX phases, as known from the electronic structure calculations for

potential magnetic MAX phases such as Cr-based and Mn-based materials, since their

magnetism would be dominated by the narrow 3d bands locating at around the Fermi

levels, it should be approached from the band magnetism of relatively weakly correlated

electrons.

1.2.2 Band polarization and the RKKY interaction

In metallic magnets, both conduction electrons and orbital electrons localized at atomic

sites can work as magnetic moment. As mentioned above, if d electrons participate in

forming narrow bands to dominate the density of states at the Fermi level, the origin of

the magnetic moment is often the spin polarization of the d bands. Even if in metallic

materials, however, magnetic electrons sometimes localize at atomic sites and behave as

atomic moments. In this case, the exchange interaction between the atomic moments

are generally mediated by the RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction, i.e.,

the indirect exchange interaction via the oscillating conduction-electron spin polarization.

Thus the observed behavior is expected to depend on which mechanism is more important.

In the present study, we try to dope Mn atoms in Pauli paramagnetic Cr-based MAX

phases (see Chapter 5). It is well known that the Mn atoms in alloys or compounds

exhibits not only the itinerant-electron magnetism but also the local-moment magnetism

even in metallic materials. Now let us consider the case that a small amount of Mn atoms

are substituted for host 3d-metal atoms. If the hybridization between Mn-3d and host-

3d electrons is sufficiently strong and the Mn-3d electrons participate in the density of

states at the Fermi level, we expect that the dilute Mn substitution results in a uniform

modification of the host-3d bands, and as a result, enhancement or diminution of the

exchange interaction of the 3d bands. On the other hand, if Mn atoms are individual from

host magnetic atoms, we expect that the exchange interaction among the dilute magnetic

impurities is mediated by the long-range oscillating RKKY interaction. In this case, such

9



random inter-site interactions frequently result in a spin-glass or cluster-glass behavior.

1.2.3 Instability of the low-dimensional electron gas and spin-density-

wave state

Due to the layered structure of the MAX phases, we expect two-dimensional-like

electronic structures in the MAX phases. The Pauli paramagnetism is the paramagnetic

response of the electron gas when the uniform external field is applied. When the field

is spatially modulated in the material, it is well known that the wave-dependent suscep-

tibility exhibits instability at the wave number vector q = 2kF, where kF is the Fermi

wave vector. In the one-dimensional system, the susceptibility diverges at q = 2kF. This

is known as the Kohn anomaly, and indicates that the one-dimensional electron gas is

always unstable to form a gap at the Fermi level. In the two-dimensional system, the

anomaly at q = 2kF is suppressed but still shows discontinuity. This means that the gap

formation at Fermi surfaces is more easily realized than the case of the three-dimensional

system.

For magnetically enhanced system, this type of instability often leads to a helical spin

structure or the spin-density-wave (SDW) state with q = 2kF. The SDW state is a kind

of antiferromagnetic states but characterized by the special modulation of spin density. It

should be noted that the modulation vector q is frequently incommensurate to the lattice.

1.3 Known physical properties and electronic structures

of Cr2AX

In this section, we summarize electronic properties of Cr-based MAX phases. No

experimental study on the magnetism has been reported before we started the present

study, but a few reports have appeared in these three years [88, 89].
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1.3.1 Cr2AlC

The first synthesis of Cr2AlC is reported by Jeitschko et al. [7]. They determined the

crystal structure with the space group P63/mmc for the first time. The reported lattice

parameters at that time are a = 2.86 Å and c = 12.8 Å. Cr2AlC has been synthesized in

the form of bulks via the powder metallurgical method by hot isostatic pressing (HIP)

[62, 90–93] or pulse discharge sintering (PDS) [94–96] or spark plasma sintering (SPS)

[97, 98], and in films via the magnetron sputtering method etc. [99–106]. The crystal

structure [90], mechanical [15, 66, 93, 96, 107–109], electrical [91, 110], thermal [91,

110–112], and chemical (corrosion resistance [92, 113, 114], high-temperature oxidation

resistance [90, 106, 114–122]) properties of Cr2AlC have been reported. As for magnetic

properties of Cr2AlC microscopic magnetism down to 77 K has already been reported by

Lue et al. [50], which clearly demonstrates that Cr2AlC is nonmagnetic down to at least

77 K. However, arguments in a different context have also been published in these two

years [88, 89].

Bulk properties

The electrical resistivity ρ of Cr2AlC below room-temperature shows a metallic be-

havior like many other MAX phases, namely the resistivity increases monotonically with

increasing temperature. The resistivity is in a range of 5 to 300 K for the sample synthe-

sized by HIP by Hettinger et al. [110]. Tian et al. [91] also reported a similar data for a

hot-pressed polycrystalline bulk sample.

Heat capacity C is an invaluable tool to explore fundamental properties of materials

as it probes low-lying excitations. At low temperatures, C can be used to determine the

density of states (DOS) at the Fermi level, N(EF), and thus shed important light on the

metallicity. The low-temperature specific heat C of Cr2AlC was reported first by Lofland

et al. [62]. C/T versus T 2 measured for Cr2AlC in a range of T < 10 K was plotted

in Fig. 1.4(a), which C/T at low temperature can be approximated by the well-known

relationship as C/T = γ +βT 2, where γ and β as the electronic specific heat coefficients

are related to N(EF) and the phonon excitations, respectively. After that, Drulis et al.
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Figure 1.4: (Left) Low-temperature heat capacity C for Cr2AlC in the form of C/T vs T 2

(solid squares) [62]. (Right) Temperature dependencies of C of Cr2AlC (diamonds) up to

250 K [123]. Upper inset shows the C/T vs T 2 plots in the temperature range of 3–10 K.

Lower inset plots the C data as a C T−3 vs T .

[123] reported the data up to 250 K as shown in Fig. 1.4(b). Both of these show a linear

relationship C/T versus T 2 below ∼10 K, indicating that Cr2AlC is a metal. γ = 15.12

and 17.15 mJ mol−1 K−2 were obtained for the former and the later, respectively.

The thermal expansion coefficient, which is roughly proportional to the specific heat,

also gives information on lattice and magnetic degrees of freedom. The average thermal

expansion coefficient of Cr2AlC above room temperature has been reported to be 1.33×

10−5 K−1 by Tian et al. [91] and 1.31× 10−5 K−1 by Zhou et al. [107]. Scabarozi et

al. [124] reported a weak anisotropy of αc/αa = 0.94 on the basis of XRD measurement

above room temperature, where αa and αc are thermal expansion coefficients for a and c

directions, respectively. Cabioch et al. [125] reported a slightly smaller value of αc/αa =

0.88.

Lue et al. [50] measured 27Al nuclear magnetic resonance (NMR) down to 77 K. They

reported a clear paramagnetic spectrum at 77 K (Fig. 1.5 left). The spin-lattice relaxation

rate, 1/T1, shows a Korringa behavior (constant T1T ), corresponding to the metallic Pauli

paramagnetism (Fig. 1.5 right).

Jaouen et al. [88] reported an invar-like behavior below 80 K on the basis of neutron
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Figure 1.5: (Left) 27Al NMR spectrum for Cr2AlC together with the simulated curve

[50]. (Right) The temperature dependence 1/T1 of Cr2AlC. The dotted line represents the

Korringa law [50].

diffraction experiment for a HIP-synthesized bulk sample (Fig. 1.6), and ascribed to the

appearance of weak ferromagnetism below the temperature although the proposed spon-

taneous magnetization seems to be too small to explain the spontaneous magnetostriction

if any (see Fig. 1.7). It is worth noting that they have observed no magnetic contribution

in their own neutron diffraction experiment.

Thin film properties

Jaouen et al. [89] synthesized Cr2AlC thin films by magnetron sputtering and mea-

sured x-ray magnetic circular dichroism (XMCD) at low temperature. The authors claimed

that Cr atoms carry a net magnetic moment at low temperature, although it seems to be

difficult judge the conclusion only from the reported result. They also claimed that change

ordering exits in the same material.
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Figure 1.6: Temperature dependence of unit cell volume for Cr2AlC estimated from lattice

parameters a and c measured by neutron diffraction. The authors claimed that this material

shows an invar-like behavior below the Curie temperature indicated by the vertical dashed

line. Dotted lines are guide for the eyes [88].

Figure 1.7: (Left) Magnetization curve for Cr2AlC measured at 10 K. Inset: zoom around

the origin. (Right) Temperature dependences of the magnetization at 0.5 T (top) and 0.05

T (bottom). The authors claimed that Cr2AlC has a net magnetic moment below 73 K

denoted by the vertical dashed line [88].
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Calculations

There are a number of calculations for Cr2AlC. Besides the general conclusions given

in Section 1.1.3, other important results are summarized as follows.

Schneider et al. [99] estimated the equilibrium volume and DOS of Cr2AlC for fer-

romagnetic (FM) and paramagnetic (PM) configurations together with a particular anti-

ferromagnetic (AFM) one from DFT calculations with GGA. They predicted that the FM

configuration is unstable compared to the AFM and PM configurations. Due to the very

small difference in both the cohesive energy and DOS, they claimed that it is difficult to

determine whether the AFM or the PM structure is stable. On the basis of DFT calcula-

tion using GGA+U with a suitable value of U, Ramzan et al. [81] predicted that Cr2AlC

is stable as a ferromagnet. Considering several possible AFM structures, and on the basis

of DFT calculations with GGA without the Hubbard U, Dahlqvist et al. [80] predicted

that an energetically favorable magnetic phase of an AFM type.

1.3.2 Cr2GaC

The first synthesis of Cr2GaC was reported by Jeitschko et al. [8]. They reported that

Cr2GaC forms the Cr2AlC structure with lattice parameters a = 2.88 Å and c = 12.61 Å.

Etzkorn et al. [40] reported the synthesis of single crystalline Cr2GaC with the size of

0.05×0.05×0.001 mm3. They also reported a detailed structural analysis together with

lattice parameters a = 2.9008 Å and c = 12.632 Å, and the z parameter of the Cr site (4f ) z

= 0.08527. Compared with Cr2AlC, there are few studies of Cr2GaC on both experiments

and calculations.

Bulk properties

Very recently, Lin et al. [21] reported the temperature dependence of the resistivity,

Seebeck coefficient, Hall coefficient, magnetoresistance, specific heat, and thermal con-

ductivity for Cr2GaC below 350 K. The resistivity shows a conventional metallic behavior.

The Seebeck coefficient oscillates around zero and the Hall coefficient takes positive val-
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ues. From these results, the authors claimed that dominant carriers in this material are

hole-type. The magnetoresistance is nearly zero above 150 K but increases positively

with decreasing temperature below ∼150 K. Specific heat shows no indication of a phase

transition in the temperature range of 6.5–65 K, and its analysis gives the electronic spe-

cific heat coefficient γ = 20.25 mJ mol−1 K−2 and the Debye temperature ΘD = 569 K.

The thermal conductivity show a broadened peak at around 50 K, which is attributed to

the dominant lattice thermal conductivity.

Thin film properties

Petruhins et al. [126] reported that Cr2GaC thin films are successfully synthesized by

magnetron sputtering although electronic properties have not been reported.

Calculations

Petruhins et al. [126] performed ab initio calculations to investigated the phase stabil-

ity and magnetic states of Crn+1GaCn MAX phases. Cr2GaC was predicted to be stable

with a ground state corresponding to an AFM spin configuration with a local magnetic

moment of ±0.75 µB at each Cr site.

1.3.3 Cr2GeC

The first synthesis of Cr2GeC was reported by Jeitschko et al. [8]. They reported that

Cr2GeC forms the Cr2AlC-type structure, with lattice parameters a = 2.95 Å and c = 12.08

Å.

Bulk properties

Barsoum et al. [128] measured the resistivity in a temperature range of 4–300 K

on bulk Cr2GeC. The room-temperature value is ∼75 µΩ cm, which is compared with

53–66 µΩ cm for thin films [129]. The resistivity decreases linearly with decreasing

temperature down to ∼50 K. They also measured magnetoresistance, Hall and Seebeck
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Figure 1.8: Temperature dependencies of experimental (open circles) and calculated

(solid line) specific heat for Cr2GeC above 3 K [127]. Top inset plots C/T vs T 2 in

the temperature range of 3–20 K. Lower inset plots [(C− γT )/T 3−β ] vs T . Also plotted

for the sake of comparison are the results for Cr2AlC [123].

coefficients. The results were analyzed in terms of a two-band model where electron

and hole concentrations and mobilities are almost equal. The room-temperature thermal

conductivity is 22 W m−1 K−1.

Drulis et al. [127] reported the heat capacity of bulk polycrystalline Cr2GeC in a tem-

perature range of 3–1500 K (Fig. 1.8). The low-temperature specific heat gives γ = 26.12

mJ mol−1 K−2 and ΘD = 429 K, which are compared with γ = 17.15 mJ mol−1 K−2 and

ΘD = 594 K for Cr2AlC. Barsoum et al. [128] also reported heat capacity of bulk Cr2GeC

in a temperature range of 4–10 K and obtained similar values of γ = 25 mJ mol−1 K−2

and ΘD = 495 K. The values of γ and ΘD for Cr2AC (A = Al, Ga, Ge) estimated from

low-temperature specific heat are listed in the Table 1.3.

Within the free electron model, γ can be related to N(EF) by

γ =
1
3

π
2 k2

B N(EF), (1.1)

where kB is Boltzmann’s constant. From experimental γ values, N(EF) for Cr2GeC is

calculated to be ≈ 22 or 21 (eV unit cell)−1, which are larger than that for Cr2AlC, 14.6

(eV unit cell)−1 [123] and for Cr2GaC, 17.2 (eV unit cell)−1 [21]. The results of Cr2AC
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Table 1.3: Summary of parameters of Cr2AC (A = Al, Ga, Ge) estimated from low-

temperature specific heat. The values of the density of states at the Fermi level N(EF)

calculated from γ are also listed.

Compound γ ΘD N(EF) References

(mJ mol−1 K−2) (K) (eV unit cell)−1

Cr2AlC 17.15 594 14.6 [123]

15.12 673 12.9 [62, 123]

Cr2GaC 20.25 569 17.2 [21]

Cr2GeC 26.12 429 22.0 [127]

25 495 21.0 [128]

(A = Al, Ga, Ge) are summarized in Table 1.3.

Scabarozi et al. [124] and Lane et al. [130] estimated the averaged thermal expan-

sion coefficient of Cr2GeC above room temperature to be 1.45×10−5 K−1 by XRD and

1.34×10−5 K−1 by neutron diffraction, respectively. These values are anomalously large

compared with those of other MAX phases. The small anisotropy of the thermal ex-

pansion coefficient has also been observed although the reported values of αc/αa are

somehow different as 0.73 and 0.88 for the former and the later, respectively.

Thin film properties

Jaouen et al. [89] claimed that Cr atoms in Cr2GeC thin films prepared by magnetron

sputtering carry a net magnetic moment at low temperature from x-ray magnetic circular

dichroism (XMCD) measurements although they did not show any experimental data in

the literature.

Calculations

There are a number of calculations on electronic properties of Cr2GeC, but different

magnetic ground states were proposed as follows:
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On the basis of DFT calculations with GGA, Zhou et al. [82] predicted that the ground

state of Cr2GeC is AFM. Based on the GGA+U calculations, Raman et al. [84] predicted

the AFM ordering of the Cr moment at the ground state. On the other hand, on the basis

of DFT calculations with GGA+U, Li et al. [77, 85] predicted a ferrimagnetic ground

state with a sizable net moment of 1.667 µB. Mattesini and Magnuson [83] also predicted

an AFM spin ordering of Cr with the same GGA+U calculations. They also discussed

the Fermi surface topology, which is characterized by two-dimensional-like anisotropic

conduction.

1.3.4 Cr2GaN

There are few studies on Cr2GaN, mostly focused on the crystal structure, synthesis

and phase equilibria [131–135]. Beckmann et al. [131] reported the first synthesis of

Cr2GaN, which forms the Cr2AlC-type structure with lattice parameters a = 2.88 Å and c

= 12.77 Å.

Before our study, there is only one paper discussing electronic properties on Cr2GaN

[69]. In the report, the systematic trends for structural, electronic and elastic properties

of M2GaN depending on M (M = Ti, V and Cr) were discussed on the basis of DFT

calculations with LDA or GGA.

1.3.5 (Cr, Mn)2AlC

The following three subsections deal with theoretical and experimental studies on the

magnetism of Mn-doped Cr2AC (A = Al, Ga and Ge).

Dahlqvist et al. [19] first discussed possible magnetism in (Cr, Mn)2AlC on the basis

of DFT calculations with GGA. They suggested that ferromagnetically ordered Mn lay-

ers are exchange coupled via nearly nonmagnetic Cr layers, and that the Mn magnetic

moment increases with increasing Mn content.

The synthesis of (Cr1−xMnx)2AlC was subsequently experimentally realized by Mockute

et al. [20, 24, 26]. Both bulk materials [26] and thin films by magnetron sputtering [20]
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were synthesized successfully. It was found that (Cr0.94Mn0.06)2AlC with a relatively low

Mn content showed no magnetic response [26].

Immediately following, the Mn content was successfully increased in (Cr1−xMnx)2AlC

thin films by pulsed cathodic arc deposition using a Cr/Mn compound cathode up to the

Mn concentration of 0.2 [24], which was found to show spontaneous magnetization up to

at least room temperature.

1.3.6 (Cr, Mn)2GaC

Lin et al. [21] synthesized polycrystalline (Cr1−xMnx)2GaC (0 ≤ x ≤ 0.5) through

solid state reactions to measure the magnetic, electrical and thermal transport properties.

They claimed that (Cr0.5Mn0.5)2GaC is a weak ferrimagnet only from magnetization data.

Thereafter, Mockute [26] reported the bulk synthesis of (Cr1−xMnx)2GaC. They sug-

gested that (Cr0.7Mn0.3)2GaC shows a magnetic behavior that originated from phase sep-

aration into Mn-rich and Mn-poor regions on the nanoscale; the Mn-rich region has a FM

component with a Curie temperature that depends on the Mn content, and the Mn-poor

region exhibits a re-entrant cluster glass transition at low temperature.

The magnetism of the end material in (Cr1−xMnx)2GaC, Mn2GaC, will be discussed

in the last part of this section.

1.3.7 (Cr, Mn)2GeC

Recently, Ingason et al. [22] synthesized (Cr0.75Mn0.25)2GeC thin film and found

spontaneous magnetization at room temperature (Fig. 1.9). This is an epoch-making ob-

servation, namely, the first discovery of magnetic MAX phases. The magnitude of the

moment is ∼0.3 µB if all the moment is attributed to Mn.

Tao et al. [25] studied bulk polycrystalline (Cr1−xMnx)2GeC with 0.01≤ x≤ 0.1, and

proposed nanoscale inhomogeneities, namely, the coexistence of a Mn-rich ferromagnetic

state and a Mn-poor re-entrant cluster glass state. The Mn-poor regions form a re-entrant

cluster glass state below ∼30 K. The Mn-rich regions become FM at Curie temperatures
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Figure 1.9: The magnetization curves of (Cr0.75Mn0.25)2GeC thin films measured at three

different temperatures [22]. The right inset shows the temperature dependences of the

spontaneous magnetization and the remanent magnetization per Mn.

that increase with increasing Mn content.

It is worth noting that although some calculations suggest that the undoped Cr2GeC

has an AFM ground state [82, 83, 129], Cr2GeC appears to be Pauli paramagnetic like

other MAX phases [23].

1.3.8 Other related materials

Luo et al. [87] investigated the structural stability and magnetism for a set of com-

pounds Fen+1ACn (n = 1, 2, 3, and A = Al, Si, Ge) using ab initio calculations. They

claimed that, among those MAX phases, the Fe3AlC2 phase shows the most stable fer-

romagnetism with a magnetic moment of 0.73 µB/Fe. In addition, they predicted the

presence of Fe2AlC and Fe2SiC. Later, however, Fe2AlC was found to be metastable and

decompose into the inverse perovskite, Fe3AlC [19]. There has been no experimental

report on the existence of Fe-based MAX phases.

More recently, Ingason et al. [27] synthesized Mn2GaC in films along with the predic-
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Figure 1.10: Magnetization curves of Mn2GaC thin films measured at 50, 230 and 250 K

[27].

tion of ab initio calculations and found spontaneous magnetization below 230 K as shown

in Fig. 1.10. The saturation moment at 50 K is 0.29 µB/Mn and the remnant moment is

0.15 µB/Mn. The magnetic easy axis was found to lie in the basal plane as usually in this

magnetic films [27]. This discovery is noteworthy because, to date, Mn was not a member

of the early transition metals known to form MAX phases. Thore et al. [28] also reported

the electronic, vibrational, and elastic properties of the magnetic laminate Mn2GaC with

DFT calculations.

1.4 The purpose of the thesis

The MAX phases with a rich variation attract much attention of material scientists as

functional materials with both metallic and ceramic characteristics. Until recently, there

has been no report on the successful fabrication of ‘magnetic’ MAX phases which has

spontaneous magnetization at room temperature. Thus it is quite challenging to add mag-

netic functions to the MAX phases in the viewpoint of applications. Such a motivation

drives a lot of theoretical and experimental works, and just recently the observations of
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spontaneous magnetization have been reported for the Mn-doped Cr-based MAX phase,

(Cr, Mn)2GeC, in the thin-film form [22]. The ferromagnetism with a relatively high tran-

sition temperature of 230 K found in Mn2GaC, which is stable only in the thin-film form

[27], is also appreciable.

On the other hand, in the viewpoint of fundamental science, the MAX phases are also

of interest as low-dimensional systems. Particularly, it is clear from band structure calcu-

lations that most of the MAX phases are typical metallic conductors in which d electrons

of the transition metal dominates the density of the states at the Fermi level. Therefore if

spin polarization was realized, they should be typical itinerant electron magnets. Unfor-

tunately, however, there has been no detailed and systematic experimental studies on the

magnetism of the MAX phases in the equilibrium bulk form, because substantial mag-

netism is not expected in the MAX phases consisting of only the early transition metals

lighter than Cr. Particularly, the magnetism realized in the thin films is not necessarily

the same as that of the corresponding equilibrium bulk phases because the magnetism of

thin films is generally expected to be sensitive to the structural parameters such as lattice

spacing and the number of neighboring atoms and depend strongly on the preparation

method, the substrate, the film thickness, etc.

As mentioned above, a number of theoretical works predicted magnetic ground states

in some MAX phases. Most of the works discussed the ground states assuming typical

or simply found magnetic structures with a well-defined constant magnetic moment at

each atomic site. However, since the MAX phases are clearly low-dimensional metal-

lic conductors, the Fermi surface topology and the electron density are expected to be

much more crucial to select the magnetic ground state, which generally give rise to the

Fermi-surface nesting via an incommensurate wave vector associated with an energy gap

formation. In addition, if the system locates at the vicinity of magnetic instability in the

itinerant electron system, the effects of electron correlation and fluctuations appears to be

highly appreciable. These points are also hard to be taken into account in calculations.

Thus it is not so easy to predict the real magnetic ground state only form ‘conventional’

ab initio calculations.
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In the present study, we first characterize intrinsic magnetic properties of the already-

known Cr-based MAX phases (Cr2AlC, Cr2GaC, Cr2GeC, and Cr2GaN) in the equilib-

rium bulk form prepared via simple solid state reactions, because the Cr-based MAX

phases are expected to be the ‘most magnetic’ among the known MAX phases. Sec-

ond, we try to synthesize Mn-substituted Cr-based MAX phases ((Cr, Mn)2AlC, (Cr,

Mn)2GaC, and (Cr, Mn)2GeC) in the bulk form, aiming to enhance the magnetism. We

apply conventional methods to characterize the magnetism together with transport proper-

ties. Microscopic methods such as nuclear magnetic resonance and muon spin relaxation

experiments are also employed to determined the magnetic ground state unambiguously.

Electronic structure calculations are also performed for some of Cr-based MAX phases

(Cr2GaC and Cr2GaN) so as to discuss the Fermi surface topology which is expected to

be essential to select the magnetic ground state.
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Chapter 2

Experimental procedures

In this thesis, we synthesized all polycrystalline samples of Cr-based MAX phases via

solid-state reactions in evacuated quartz tubes.

The synthesis of Cr2AC (A = Al, Ga, Ge) was started from a mixture of pure elements

and heated at 700–1000◦C for 1–5 days. The starting materials were mixed in desired

proportions with excess Al or Ga of ∼10% to obtain single phases of the objective com-

pounds. Each desired proportional powder was mixed, then pressed into a pellet, and

sealed in an evacuated quartz tube.

Mn-doped Cr2AlC compounds were heated at 700◦C for 1 day and then at 900◦C for

about 4 days. After furnace-cooling to room temperature, each product was pulverized,

mixed, pressed into a pellet, and annealed again in an evacuated quartz tube at 900◦C for 3

days in order to obtain good homogeneity and crystallinity. For Mn-doped Cr2GaC com-

pounds, the sintering was made at 900◦C for 3 days at the first heat treatment, at 1000◦C

for 5 days at the second heat treatment, and again at 1000◦C for 5 days to compare mag-

netic properties after second and third heat treatments. In the case of (Cr1−xMnx)2GeC,

the temperature was controlled at 1000◦C for 3 days.

The nitride, Cr2GaN, was made from a mixture of Cr2N and Ga at 740◦C for 5 h.

To obtain single phases of the objective compounds, we optimized the initial Ga content

through a trial and error process. As a result, we added excess Ga of ∼10%. Cr2AlN and

Cr2GeN nitrides were started from a mixture of Cr2N and Al or Ge, respectively. In spite
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of a number of trials MAX phases has not been obtained.

The raw materials of Cr (99.9% pure 100 mesh powder), Al (99.99% pure 300 mesh

powder), Ga (99.999% pure ingot), Ge (99.999% pure 6- to 20-mm flakes), C (99.95%

pure 200 mesh powder), and Cr2N (99% pure 1-6 µm powder) were purchased from

the Rare Metallic Co. Ltd., and Mn (99.9% pure 200 mesh powder), from the Furuuchi

Chemical Company.

Powder x-ray diffraction (XRD) studies were performed at room temperature using an

x-ray diffractometer (Rigaku, Mini-flex) with Cu Kα radiation. Lattice parameters were

calculated with the Rietveld refinements analysis of the room-temperature XRD pattern

using RIETAN-2000 [136].

Magnetic properties were measured by using a SQUID magnetometer (MPMS, Quan-

tum Design) installed at the Research Center for Low Temperature and Materials Science,

Kyoto University, in the temperature range of 2–350 K and under magnetic fields of up

to 7 T. The susceptibilities of the Mn-doped Cr2AC (A = Al, Ga, Ge) samples were mea-

sured in zero-field-cooled (ZFC) and field-cooled (FC) conditions to estimate the mag-

netic properties at low field conditions.

Temperature dependences of the resistivity were measured for pellets sintered from

powder by the conventional four-probe method in 5–300 K.

Nuclear magnetic resonance (NMR) measurements were performed by a homemade

phase-coherent-type pulse spectrometer or a commercial wide-band NMR spectrometer

(Thamway, PROT II 2101MR). For the measurements, fine particles of the samples are

soaked in paraffin to fix crystal axes at random. Spin-echo intensity was integrated and

recorded as a function of external field to obtain spectra at 4.2 K.

Zero-field (ZF) and longitudinal-field (LF) muon spin relaxation (µSR) measurements

were made at the RIKEN-RAL Muon Facility [137] at the Rutherford-Appleton Labora-

tory in the UK using a pulsed positive surface muon beam at 20–300 K.

To evaluate the electronic state, first-principles calculations were performed using the

plane-wave projector augmented-wave method and the Perdew-Burke-Ernzerhof general-

ized gradient approximation as implemented in the VASP code [138].
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Chapter 3

Pauli paramagnetism of Cr2AC

Polycrystalline samples of Cr2AC (A = Al, Ga, Ge) are known to form the Cr2AlC-

type crystal structure [8]. XRD profiles of Cr2AC (A = Al, Ga, Ge) measured at room

temperature are shown in Fig. 3.1. The main phase is identified as the MAX phase with

the Cr2AlC-type structure, indicating that we succeeded in synthesizing Cr2AC (A = Al,

Ga, Ge) by solid state reactions. Lattice parameters of Cr2AC (A = Al, Ga, Ge) obtained

from x-ray diffraction analyses are listed as in Table 3.1. They agree well with those

reported in literatures [90, 134, 139]. It is interesting to note that the lattice parameter a

increases while c decreases in the order of Al, Ga and Ge. As a result, the unit cell volume

increases with changing from Al to Ge.

Table 3.1: Lattice parameters of Cr2AX (A = Al, Ga, Ge, X = C, N) at room temperature.

a (Å) c (Å) V (Å3)

Cr2AlC 2.862 12.832 91.023

Cr2GaC 2.898 12.651 92.011

Cr2GeC 2.961 12.122 92.038

Cr2GaN 2.883 12.753 91.795
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Figure 3.1: Room-temperature XRD profiles of Cr2GeC, Cr2GaC, and Cr2AlC. Vertical

bars stand for peak positions expected for pure Cr2AC (A = Ge, Ga, Al) phases with

Cr2AlC-type structure.

3.1 Susceptibility

Figure 3.2 shows temperature dependencies of the susceptibility measured for Cr2AC

(A = Al, Ga, Ge). Weak temperature dependencies are typical for Pauli paramagnetic

metals. Upturns seen at low temperatures are ascribed to paramagnetic impurities. To

show no spontaneous magnetization, isothermal magnetization curves at 2 K are also

shown in the inset in Fig. 3.2; the slight nonlinearity is ascribed to impurity contributions.

The absolute magnitude of the susceptibility increases from Cr2AlC to Cr2GeC, indicating

that Cr2GeC is the most exchange-enhanced and that Cr2AlC is the most apart from the
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Figure 3.2: Temperature dependencies of the susceptibility for Cr2GeC, Cr2GaC, and

Cr2AlC. The inset shows the magnetization curves at 2 K.

magnetic instability in the Cr2AC series.

3.2 NMR

Nuclear magnetic resonance (NMR) has been applied to determine unambiguously

magnetic ground states of Cr2AlC and Cr2GaC.

3.2.1 Cr2AlC

The 27Al NMR spectrum of Cr2AlC down to 77 K has already been reported by Lue

et al. [50]. The spectrum shows a typical paramagnetic pattern, indicating that Cr2AlC

has no long-range magnetic ordering down to at least 77 K. We extended the measure-

ment down to 4.2 K. Figure 3.3 shows a field-swept spectrum of 27Al NMR measured at

4.2 K, which shows a typical paramagnetic powder pattern. This line shape is interpreted

as follows. Nuclear parameters of 27Al nuclide are natural abundance 100%, nuclear spin
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Figure 3.3: Field-swept NMR spectrum for Cr2AlC measured at a frequency of 48.66

MHz and at 4.2 K. The simulated paramagnetic powder-pattern spectrum is also presented

for comparison.

I = 5/2, the gyromagnetic ratio, 27γ/2π = 11.093 MHz/T, and the nuclear quadrupole

moment 27Q = 0.15×10−28 m−2. The Al site in the Cr2AlC-type structure is crystallo-

graphically unique (2d) and axially symmetric (6̄m2), resulting in the nuclear quadrupole

interaction with zero asymmetry parameter (η = 0). In the strong-field condition, we ex-

pect to observe two pairs of first-order quadrupolar satellites together with a center line.

In the bottom of Fig. 3.4, the computer-generated powder pattern assuming quadrupole

frequencies of 1.9 MHz is presented. Here we neglected a possible hyperfine shift, for

simplicity. In this condition, the center line is slightly broadened by the second-order

quadrupolar interaction. The calculated pattern agrees well with the experimental spec-

trum of Cr2AlC, proving unambiguously that the compound has no long-range magnetic

ordering at the temperature in agreement with the Pauli paramagnetic behavior of the

susceptibility.

30



0.1

2

4
6
8

1

2

4
6
8

10

2

4

1/
T 1

 (s
-1

)

1
2 4 6 8

10
2 4 6 8

100
2 4

T (K)

Cr2AlC
27Al-NMR
H = 4.4 T
f = 48.66 MHz

 Present data
 Lue et al.
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The 27Al nuclear spin-lattice relaxation time T1 was measured with use of the central

transition of the spectrum. The multi-exponential recovery of the nuclear magnetization

was fitted to the function expected to the I = 5/2 nuclide [140]. The temperature depen-

dence of the relaxation rate 1/T1 down to 4.2 K is shown in Fig. 3.4. Our data is in good

accordance with that above 77 K reported by Lue et al. [50]. The result of 1/T1 is in

proportion to temperature down to the lowest temperature, namely, follows the Korringa

law [141] in all the temperature range. This indicates that the relaxation is dominated by

conduction electrons in a nonmagnetic state. This result also demonstrates that Cr2AlC is

a nonmagnetic metal down to the lowest temperature.
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Figure 3.5: Field-swept 69Ga and 71Ga NMR spectrum for Cr2GaC measured at a fre-

quency of 38.5 MHz and at 4.2 K. Arrows indicate zero shift positions for 69Ga and

71Ga. Simulated paramagnetic powder-pattern spectra are also presented for comparison.

Nuclear quadrupole frequencies, 25.1 and 15.8 MHz, were assumed for 69Ga and 71Ga,

respectively. The hyperfine shift was neglected for simplicity.

3.2.2 Cr2GaC

Figure 3.5 shows Ga NMR spectra of Cr2GaC recorded as a function of external field

at a frequency of 38.5 MHz and at 4.2 K. We obtained a well resolved nonmagnetic

spectrum, which is interpreted as follows. There are two Ga nuclides in nature, 69Ga and

71Ga (natural abundance: 60% and 40%, respectively; nuclear spin: I = 3/2 for both;

gyromagnetic ratios: 69γ/2π = 10.219 and 71γ/2π = 12.984 MHz/T; the ratio of nuclear

quadrupole moments: 69Q/71Q = 1.587 [142, 143]). The local symmetry at the Ga site

is the same as that of the Al site in Cr2AlC. Therefore, we expect the superposition of

two set of quadrupolar powder pattern for I = 3/2. In the bottom of Fig. 3.5, computer-
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generated powder patterns assuming quadrupole frequencies of 25.1 and 15.8 MHz for

69Ga and 71Ga, respectively, are presented. These relatively large quadrupole frequencies

reflect the anisotropic nature of the nanolaminate structure. The final calculated pattern,

which was drawn taking account of the natural abundance of 69Ga and 71Ga, agrees well

with the experimental spectrum of Cr2GaC, proving unambiguously that the compound is

nonmagnetic at the temperature.

3.3 Discussion

According to the susceptibility data, Cr2AC (A = Al, Ga, Ge) show typical Pauli para-

magnetic behavior without spontaneous magnetization in all the temperature range. The

absence of a phase transition of Cr2GeC in the temperature range of 3–1500 K has already

been confirmed in specific heat measurements [127]. As above, no long-range magnetic

ordering has been confirmed microscopically in Cr2GaC and Cr2AlC from nuclear mag-

netic resonance experiments. The absence of the internal field unambiguously exclude

the possibility of antiferromagnetism as well as ferro- and ferrimagnetism. The result of

neutron diffraction of bulk Cr2AlC, which does not show any additional reflections at low

temperature [88], is thoroughly consistent with the nonmagnetic ground state.

Results of band structure calculations [61, 68, 82–86, 144, 145] tell us that Cr2AC is

a typical metal in the sense that Cr-3d bands dominate the density of states at the Fermi

level, N(EF). The systematic increase of χ from Cr2AlC to Cr2GeC is understood as the

increase in N(EF), associated with the decrease of the 3d band width and the increase of

states at the Fermi level. Furthermore, the increase of the dimensionality expected from

the decrease in the interlayer distance may also give rise to magnetic enhancement. The

comparison of the electronic specific heat coefficient, γ (see Table 1.3) leads to the same

discussion. In Fig. 3.6, the γ value is plotted against the lattice parameter a, which corre-

sponds to the Cr interatomic distance in the c plane. This result suggests that the exchange

enhancement is at least partly controlled by the Cr-3d band width. The susceptibility at 0

K, χ(0), is estimated from the extrapolation of the susceptibility to 0 K, is plotted against
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γ in Fig. 3.7. The susceptibility and γ are both proportional to the density of states at the

Fermi level, as Eq. 1.1 and χ = µ2
B N(EF). The theoretical values of χ(0)/γ , so-called the

Wilson ratios, are also shown by the solid and broken lines for heavy electron systems and

normal metals, respectively. The experimental points for Cr2AC (A = Al, Ga, Ge) deviate

from the broken line of normal metals to the direction of the solid line of heavy electron

systems, indicating that Cr2AC are not simple metals, but rather belong to the corrected

electron system. Temperature dependencies of the resistivity reported for Cr2AC (A = Al,

Ga, Ge) [21, 110, 128] are shown in Fig. 3.8. The data at low temperatures were fit by

the equation of ρ = AT 2 + ρ0 to estimate A, which is plotted in Fig. 3.9 against γ2. The

Kadowaki-Woods ratios, A/γ2, expected for heavy electron systems and normal metals

are also shown in the same figure by the solid and broken lines, respectively. The points

for Cr2AC (A = Al, Ga, Ge) are close to the solid line, indicating that Cr2AC belong to

correlated electron systems. Hence, the mass enhancement of Cr2GeC compared with

bare N(EF) by a factor of 3, pointed out in Ref. [129], is not so surprising.

The majority of band calculations predicted magnetically ordered ground states in

Cr2AlC [71, 80, 81], Cr2GaC [126] and Cr2GeC [82–86], being in disagreement with the

experimental observations. For example, Petruhinus et al. [126] predicted that the ground

state of Cr2GaC is antiferromagnetic with the magnetic moment of 0.75 µB at each Cr

site. Mattesini and Magnuson [83] discussed for Cr2GeC possibilities of antiferromag-

netic structures with the magnetic moment of ∼0.01 µB at each Cr site. As mentioned

above, however, the actual situation is not explained at all by the models assuming robust

localized moment at the Cr site. This is not surprising because the Cr-based MAX phases

are, as will be discussed in next chapter, classified into two-dimensional-like correlated

electron metals, in which the effect of electron correlation is generally difficult to take

into account a priori.

The nonmagnetic ground state of Cr2AlC is not in accordance with the proposal by

Jaouen et al. [88, 89] for HIP (hot isostatic pressing) synthesized bulk and sputtered thin

films. For the former, a very small spontaneous moment value of 0.002 µB/Cr was sug-

gested. Such a tiny intrinsic moment is in general not easy to be confirmed experimentally
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only with macroscopic probes. For the latter, the presence of net magnetic moment at Cr

atoms was discussed on the basis of x-ray magnetic circular dichroism (XMCD) experi-

ments. Although an exchange-enhanced ground state in thin films is certainly probable,

experiments of the field dependence seems to be necessary to distinguish spontaneous and

field-induced contributions to the spin polarization.
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Chapter 4

Spin-density-wave state in Cr2GaN

Most of the works on the magnetic MAX phases concentrated on carbides. On the

other hand, in the field of magnetism, it is well known that the exchange correlation is

often enhanced in nitrides [146]. In this chapter, to shed light on fundamental properties

of the MAX-phase nitrides, we particularly pick up Cr2GaN, which is only one MAX-

phase chromium nitride whose synthesis has ever been reported.

For Cr2GaN, we performed the Rietveld refinement analysis of the room-temperature

XRD pattern and obtained lattice parameters a = 2.883 and c = 12.753 Å and the z co-

ordinate of the Cr position (4f site) z = 0.0860. Lattice parameters agree well with those

reported in literatures [40, 134]. The z value was found to be slightly larger than that

predicted in calculations, 0.081–0.082 [69], but comparable to that for Cr2GaC, 0.08653

[40].

4.1 Susceptibility

Figure 4.1 shows temperature dependencies of the susceptibility for Cr2GaN together

with that for the Pauli paramagnetic carbide counterpart Cr2GaC. The susceptibility of

the nitride Cr2GaN is characteristic. First, absolute values are larger by about twice,

indicating exchange enhancement in the nitride. Second, a reduction is clearly seen below

∼170 K, suggesting the occurrence of a phase transition. No temperature hysteresis was
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Figure 4.1: Temperature dependencies of the susceptibility for Cr2GaN measured under

a field of 1 T. The arrow indicates the anomaly corresponding to TN. The data of Cr2GaC

is also shown for comparison.

observed at the anomaly within the experimental resolution. Since the susceptibility of

the metallic magnet is proportional to N(EF), the reduction of the susceptibility implies a

band-(pseudo)gap opening at the Fermi level, EF.

4.2 Resistivity

The temperature dependence of the resistivity for Cr2GaN is shown in Fig. 4.2, to-

gether with the data for Cr2GaC. The resistivity of Cr2GaC shows a monotonic tempera-

ture dependence, typical for a simple metal, in agreement with no phase transition. On the

other hand, the nitride shows an anomalous behavior. At high temperatures, the resistivity

is nearly linear with a positive slope like the carbide, increases once slightly below ∼170

K to make a small hump, and decreases rapidly at lower temperatures. No temperature

hysteresis has been observed. The larger temperature dependence of the nitride suggests
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the stronger effect of spin fluctuations in the material.

It is reasonable to compare the magnetic and transport properties of Cr2GaN with

those of pure metallic chromium, which is the prototype showing a SDW-transition [147].

In fact, the reduction of the susceptibility and the small hump of the resistivity below

∼170 K are markedly similar to those observed for pure chromium at the SDW transition

[148–150], although the Néel temperature of chromium is much higher of 311 K. The

small hump of the resistivity is interpreted as the combined effect of opening of an energy

gap at the transition and the temperature dependence of the relaxation rate at the lower

temperatures [151].

4.3 NMR

We performed microscopic magnetic measurements to determine the magnetic ground

state. Figure 4.3 shows Ga spin-echo NMR spectra of Cr2GaN recorded as a function of

external field at a frequency of 38.5 MHz and at 4.2 K. The paramagnetic spectrum ob-
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Figure 4.3: Field-swept 69Ga and 71Ga NMR spectra for Cr2GaN and Cr2GaC measured

at a frequency of 38.5 MHz and at 4.2 K. Arrows indicate zero shift positions for 69Ga

and 71Ga. The spectrum for paramagnetic carbide Cr2GaC is also shown.

served for nonmagnetic Cr2GaC is also shown. The spectrum of the Cr2GaN at the same

temperature is considerably and inhomogeneously broadened. Note that the signal inten-

sity is finite even at zero external field, and that the spectrum is broadened at around zero

shift positions. This result indicates the presence of considerably distributed internal fields

from zero to at least a few tesla demonstrating that Cr2GaN has a magnetically ordered

ground state. However, since the nuclear quadrupolar interaction in Cr2GaN is expected to

be considerably large and comparable to the possible Zeeman interaction, the distribution

of only electrical field gradient, which is caused, for example, by a charge-density-wave

state, cannot be neglected as the origin of the spectral broadening. To exclude such a

possibility, we employed another microscopic probe, ZF/LF-µSR, for Cr2GaN.
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Figure 4.4: Typical examples of ZF-µSR spectra (at 22.3, 150, 160, 200, and 300 K) of

Cr2GaN. Solid curves indicate the fit by the damped Kubo-Toyabe function.

4.4 µSR

Being different from NMR, µSR probes only the magnetic field, and is very sensi-

tive to the appearance and variation of the internal field. Typical examples of ZF-µSR

spectra are shown in Fig. 4.4. At high temperatures of 200–300 K, the feature of the re-

laxation is essentially the same and shows Gaussian-type depolarization. This behavior is

attributable to tiny dipolar fields coming from randomly oriented nuclear spins; the static

field is . 6 Oe. In the temperature range of 150–200 K, the relaxation curve is drasti-

cally changed. The loss of the initial asymmetry is appreciable. This is mainly due to the

appearance of fast relaxation. Such a behavior is often observed as a result of magnetic

ordering [152, 153]. In the present case, the anomaly is reasonably ascribed to the Cr

electronic spin dynamics.

To discuss quantitatively, we fit the spectra with the frequently used damped Kubo-

Toyabe function as

A(t) = A0 exp[−(λ t)β ]GKT(∆, t), (4.1)
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with

GKT(∆, t) =
1
3

+
2
3
(1−∆

2t2)exp(−1
2

∆
2t2), (4.2)

where A0 is the initial asymmetry, ∆/γµ the width of the static field distribution (γµ the

muon gyromagnetic ratio) originating in nuclear spins, λ the damping rate associated

with an additional fast relaxation process, and β the stretched exponent in the range of

0 < β ≤ 1 representing the distribution of the damping rate. In the fitting, we estimated

∆ = 7.89×104 s−1 from high-temperature spectra, and treated ∆ as constant in all the

temperature range. Figures 4.5 and 4.6 show temperature dependences of A0 and λ , re-

spectively. The inset of Fig. 4.6 shows the temperature dependence of β . Below ∼170 K,

A0 is reduced markedly associated with the critical divergence of λ , and approaches∼1/3

of the high-temperature value at low temperatures. β also shows singularity below ∼170

K. These behaviors apparently indicate critical slowing down of electronic spins below

∼170 K.

The nature of the low-temperature state was investigated by LF-µSR. Typical LF-

µSR spectra measured under several different longitudinal fields, B, at a temperature of

25 K are shown in Fig. 4.7. The asymmetry recovers systematically with increasing B,

suggesting that muon spins are decoupled from local and static internal fields, Bloc, by

applying B. The muon spin polarization at each B was estimated by fitting the time spectra

A(t) to a stretched exponential function A(t) = A0 exp[−(λ t)β ] + A∞, where A∞ is the

longitudinal-field-induced baseline with respect to that at B = 0, and by normalizing the

initial asymmetry A(0) by the full asymmetry estimated from the ZF spectrum at high

temperatures. The normalized initial asymmetry is plotted in Fig. 4.8 as a function of

B. By averaging the sum of B and Bloc along the direction of Bloc, the longitudinal field

dependence of the muon spin polarization, namely, the decoupling of muon spins from a

unique Bloc, is generally given by

GLF(x) =
3
4
− 1

4x2 +
(x2−1)2

8x3 ln
∣∣∣∣x+1
x−1

∣∣∣∣ , (4.3)

with x = B/Bloc, which has actually been observed in a number of magnetically ordered

materials [154, 155]. The best fit to this equation, with Bloc = 1.2 kOe, is indicated by the
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The dotted and the solid curves represent the best fit to Eq. 4.3 with Bloc = 1.2 kOe and

the calculation assuming Eq. 4.5 with Bmin = 0.1 and Bmax = 2 kOe, respectively.
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broken curve in Fig. 4.8. Our data is deviated somehow from the expected curve. Gener-

ally, we expect the continuous distribution of Bloc at interstitial sites in incommensurate

magnetic structures in contrast to a unique or fixed Bloc in commensurate ones [156, 157].

The distribution function of Bloc in the former case is generally expressed as

P(Bloc) =
2
π

Bloc√
(B2

loc−B2
min)(B

2
max−B2

loc)
, (4.4)

at Bmin < Bloc < Bmax, where Bmin and Bmax are minimum and maximum values of dis-

tributed Bloc. In this case, the longitudinal field dependence of the muon spin polarization

is expected to be given by

GLF
ic (B) =

∫
∞

0
P(Bloc)GLF(B/Bloc)dBloc. (4.5)

The solid curve in Fig. 4.8 represents a tentative calculation of Eq. 4.5 with Bmin = 0.1 and

Bmax = 2.0 kOe, which reproduces well the trend of the experimental field dependence.

Thus the above LF-µSR results, together with the NMR data indicates that Cr2GaN has

a magnetically ordered ground state which yields distributed internal fields. This result

rules out possibilities of simple antiferromagnetic structures such as those discussed for

Cr2AlC in Ref. [80]. The value of the ordered magnetic moment is not easily estimated

but would be in a range of 0.1–1 µB/Cr judging from the internal fields.

4.5 Band calculations

To discuss the origin of the magnetic ground state associated with the distributed inter-

nal field. We performed electronic structure calculations. Such calculations have already

been reported for Cr2GaC [69] and Cr2GaN [158] independently. In the present study,

we performed band structure calculations for the spin-unpolarized state of both the com-

pounds on the same basis to compare their electronic states to discuss mainly the Fermi

surface topology in the paramagnetic state. The calculated results are essentially the same

as those in the literatures. Here we show only total and partial electronic densities of

states in Fig. 4.9. The difference between the nitride and the carbide is not so significant;

in both cases Cr-3d bands dominate N(EF), while Ga and N/C do not.
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Figure 4.9: Total and partial density of states of spin-unpolarized Cr2GaN (left) and

Cr2GaC (right).
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For the layered compounds, we expect the two dimensional nature of the electronic

structure. Figure 4.10 shows cross sections of Fermi surfaces consist of the 21st band

cut in the a*-b* plane at three different c* for both the nitride and the carbide. As seen

in the figure, the three cross sections coincide nearly completely, indicating a cylindrical

shape of Fermi surfaces. This topological feature strongly suggests that the nesting of

the Fermi surfaces which causes a SDW formation. One of the possible wave vectors of

the Fermi-surface nesting, (0.56, 0, 0), is indicated by the arrow in Fig. 4.10. Recently,

similar cylindrical Fermi surfaces have been reported for Cr2GeC [83], suggesting the

common topological feature in the MAX phases.

4.6 Discussion

Judging from the susceptibility and resistivity data indicating the partial gap function

in the electron spectrum and the NMR and µSR results manifesting the appearance of

distributed internal field, it is quite reasonable that Cr2GaN forms a SDW ground state

below TN = 170 K. The origin is also reasonably ascribed to the nesting of the Fermi

surface in the two-dimensional-like electronic structure as mentioned above.

Here we should note that the cylindrical Fermi surfaces are seen for both the nitride

and the carbide. Why does only the nitride show the SDW transition? One of the possible

reasons is the different exchange enhancement as anticipated from the magnitudes of

the experimental susceptibility. On the other hand, however, the difference in N(EF) is

not so appreciable as in Fig. 4.9. This is rather reasonable because the crystal structure

and the Cr-Cr interatomic distance are nearly the same [the intralayer Cr-Cr distances at

room temperature are 2.883 and 2.898 Å (see Table 3.1) for the nitride and the carbide,

respectively]. Hence the origin of the exchange enhancement may not be straightforward.

The most appreciable difference in the band structures is the energy of X-2p bands with

respect to EF. As seen in Fig. 4.9, the dominant part of N-2p bands (∼ –6 eV) is deeper

than that of C-2p (∼ –4 eV). Since the X atom mediates the electron transfer between Cr

atoms belonging to two different layers, the deeper N-2p level may result in better Cr-3d

50



electron confinement in the Cr planes and facilitate the Fermi-surface nesting.

Another possible origin is found in lattice properties. Since the SDW formation is

often mediated by the electron-phonon coupling, elastic properties, which are related with

covalency between Cr-3d and X-2p, may discriminate the ground state. If the material is

elastically soft, the modulated state with an energy gap may be energetically favorable

even if the system costs elastic energy. Cui et al. [76] performed band calculations of

Cr2AlX (X = N and C), compared elastic properties, and concluded that the nitride is

more ductile. This trend is also expected in the case of Cr2GaX.

In summary, we have found that Cr2GaN shows a SDW transition at TN = 170 K in

contrast to the Pauli paramagnetism in the carbide counterpart Cr2GaC. The formation

of the SDW state is interpreted in terms of the nesting of Fermi surfaces of the two-

dimensional-like electronic structure. This result suggest that nitrides are more promising

to exhibit magnetic ground states compared with carbides.
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Chapter 5

Effects of Mn doping to Cr2AC

5.1 Weak ferromagnetism in Mn-doped Cr2GeC

Some theoretical works have predicted that Cr2GeC is spin polarized in the ground

state [82–86]. In this section, we discuss Mn-doping induced spin polarization in Cr2GeC

and the proximity to the ferromagnetic quantum criticality of pure Cr2GeC. We apply

Takahashi’s theory of spin fluctuations [159] to describe the typical itinerant-electron fer-

romagnetism observed in Mn-doped Cr2GeC.

5.1.1 Solubility limit

Cr2GeC forms the Cr2AlC-type structure [8], whereas no stable Mn2GeC has been

reported. XRD profiles of (Cr1−xMnx)2GeC (0 ≤ x ≤ 0.25) are shown in Fig. 5.1. The

main phase is identified as the MAX phase with the Cr2AlC-type structure, indicating

that we succeeded in Mn-doping to Cr2GeC up to x ' 0.25. At x ≥ 0.2, however, we

detected the presence of appreciable impurity phases; the most probable impurity phase

is Mn11Ge8. Hence, the solubility limit is estimated to be x ∼ 0.25. Figure 5.2 shows

Mn concentration dependencies of lattice parameters a and c at room temperature; the

parameters increase slightly at low Mn contents and decrease at high Mn contents. The

value of c/a is nearly constant within 4.10±0.09. Because there is no Mn2GeC, it is dif-

ficult to discuss the origin of this nonlinear behavior. Such an anomalous deviation from
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Figure 5.1: Examples of room-temperature XRD profiles of (Cr1−xMnx)2GeC (0 ≤ x ≤

0.25). Close arrowheads represent diffractions from Mn11Ga8. Vertical bars stand for

peak positions expected for pure Cr2GeC with Cr2AlC structure.

Vegard’s law is occasionally observed in the poor-Mn-doping region in a solid solution of

intermetallics [160].

5.1.2 Magnetism

Figures 5.3(a) and (b) show typical temperature dependencies of the magnetization

measured at 1 T and magnetization curves at 2 K, respectively, for Mn-doped Cr2GeC.

Clearly ferromagnetism appears with Mn doping, and the Curie temperature, TC, and the

spontaneous magnetization, ps, increase with Mn doping. One may doubt the effect of

impurities. In fact, the most probable impurity phase, Mn11Ge8, orders ferromagnetically
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(Cr1−xMnx)2GeC (0≤ x≤ 0.25) at room temperature.

below TC = 274 K followed by a successive antiferromagnetic transition at TN = 150 K

[161]. The magnetization of Mn11Ge8 is, however, 7 emu/g at its maximum. Even if

we assume 10% inclusion of Mn11Ge8, its contribution accounts for only < 3% of the

experimentally observed magnetization of (Cr0.80Mn0.20)2GeC. Therefore we can safely

conclude that the ferromagnetism is an intrinsic property of the Mn-doped MAX phases.

Figure 5.3(d) shows the Arrott plot for (Cr0.85Mn0.15)2GeC near TC. Straight lines in

the figure indicate linear fits to high-field parts. From this analysis, we estimate TC =

205 K, which agrees well with the temperature at which the temperature derivative of

magnetization, dM/dT [at 1 T, Fig. 5.3(a)], takes a minimum.

TC estimated from dM/dT (at 1 T) is plotted as a function of Mn concentration x in

Fig. 5.4(a) and the values are listed in Table 5.1. Ferromagnetic order appears from zero

Mn concentration and TC increases almost linearly to x. TC saturates at x ∼ 0.2. Consid-

ering the fact that the compound with x = 0.25 includes appreciable impurities, TC of the

Mn-doped Cr2GeC system reaches a maximum at x = 0.2–0.25. The room-temperature

ferromagnetism observed in thin-film (Cr0.75Mn0.25)2GeC [22] roughly accords with our

observation. We estimate the spontaneous magnetic moment ps per magnetic atom (Mn
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Figure 5.3: Examples of temperature dependencies of the magnetization measured at 1

T (a), magnetization curves at 2 K (b), and temperature dependencies of H/M (c) for

(Cr1−xMnx)2GeC. Solid lines in panel (c) represent the fit to Eq. 5.1. M2 versus H/M

plot for (Cr0.85Mn0.15)2GeC at various temperature (d).

and Cr) from a linear extrapolation of M2 to H = 0 in the M2 versus H/M plot at 2 K, and

we plot it as a function of x in Fig. 5.4(b). ps nearly scales as TC.

The susceptibility above TC was fitted to the modified Curie-Weiss law,

χ =
C

T −θ
+ χ0, (5.1)

where C is the Curie constant, θ the paramagnetic Curie temperature, and χ0 a temperature-

indenpendent term. The fit is represented by solid curves in Fig. 5.3(c). The effective

magnetic moment, peff, per magnetic atom is estimated from C = Nµ2
B p2

eff/3kB, where N

56



Table 5.1: Parameters for (Cr1−xMnx)2GeC with 0≤ x≤ 0.25.

x TC ps peff T0 TA

(K) (µB/3d atom) (µB/3d atom) (104 K) (104 K)

0.0 0 0

0.025 43 0.010 0.456 3.25 101

0.0375 48 0.020 0.596 1.62 34.9

0.05 75 0.034 0.712 1.54 22.6

0.075 115 0.057 0.888 1.51 14.1

0.10 150 0.087 1.15 1.46 8.68

0.125 192 0.101 1.18 1.81 8.23

0.15 205 0.140 1.33 1.42 5.08

0.20 270 0.189 1.47 1.55 3.93

0.25 270 0.292 1.84 1.24 1.77

is the number of magnetic atoms, µB the Bohr magneton, and kB the Boltzmann constant.

peff is plotted against x in Fig. 5.4(b) and is seen to vary nearly linearly.

The Mn concentration dependence of peff/ps is shown in Fig. 5.4(c). When x is small,

peff/ps is much larger than unity, indicating that the compound is in the regime of a

very weak itinerant-electron ferromagnet. peff/ps decreases rapidly with increasing x and

approaches the local moment limit. This concentration dependence demonstrates that

the Mn-doped Cr2GeC is a typical itinerant electron system covering different degrees of

electron localization. Needless to say, the possibility of a localized moment only at the

Mn site can be excluded.

It is worth noting the fact that, in the Mn-doped Cr2GeC system, TC approaches zero

almost proportionally to the Mn concentration. This fact strongly suggests that Cr2GeC is

located in the vicinity of the quantum critical point. In other words, the band polarization,

suppressed in nondoped Cr2GeC, is promptly induced by a small perturbation, i.e., a slight

Mn doping just like Al doping to YCo2 [162]. In fact, TC in Fig. 5.4(a) may be slightly
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tive moment peff per magnetic atom (b), and peff/ps (c) for (Cr1−xMnx)2GeC (x≤ 0.25).

overestimated, as is discussed in the text section. The real quantum critical point may

be present for a slightly Mn-doped sample. The search for non-Fermi liquid behaviors at

lower temperatures appears to be of interest in the Cr2GeC system.

5.1.3 Analysis by the theory of spin fluctuations

In theories of the itinerant-electron magnetism initiated by the self-consistent renor-

malization (SCR) theory of spin fluctuations [163], the dynamical spin fluctuation spec-

trum is characterized by two parameters, T0 and TA, which represent the distribution
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widths in energy and wave-vector spaces, respectively. In the theories, the coefficient

of the M4 term of the Landau expansion of free energy is one of the most important

parameters, called F̄1, which is usually related to the slope of Arrott plot ζ as

F̄1 = N3(gµB)4/ζ , (5.2)

where g is Landé’s g factor.

Takahashi [159] developed the theory of spin fluctuations by assuming global conser-

vation of the spin amplitude including zero-point and thermal fluctuations. It is known

that his theory is useful for describing itinerant-electron systems particularly with ferro-

magnetic electron correlations. According to his theory, spectral parameters, TA and T0,

are estimated from experimental values of F̄1, ps, and TC with the use of the theoretical

relations

p2
s =

20T0

TA
C4/3

(
TC

T0

)4/3

, C4/3 = 1.006089 . . . , (5.3)

F̄1 =
2T 2

A
15cT0

, (5.4)

where c is a constant (c = 0.5). Values of TA and T0 estimated for (Cr1−xMnx)2GeC with

0 < x≤ 0.25 are listed in Table 5.1.

By using experimentally obtained T0, values of peff/ps are plotted against TC/T0 in

logarithmic scales in Fig. 5.5. This plot corresponds to an extended version of the Rhodes-

Wohlfarth plot [166], which was modified by Takahashi and is known as the Deguchi-

Takahashi plot [159]. As is seen in the figure, a number of typical itinerant-electron

ferromagnets follow the relation

peff

ps
= 1.4

(
TC

T0

)−2/3

(5.5)

derived in Takahashi’s theory. The values of peff/ps for the Mn-doped Cr2GeC system

are slightly smaller than those expected from this relation. This may be ascribed to the

two-dimensionality inherent to the layered crystal structure of this system; Takahashi

[159] has already discussed that a smaller peff/ps is expected with decreasing dimension-

ality for the same TC/T0. Similar observations have been reported for two-dimensional

itinerant-electron magnets such as Sr2ScO3CoAs, LaCoAsO [164], and Fe3GeTe2 [165].
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Figure 5.5: Deguchi-Takahashi plot, i.e., peff/ps versus TC/T0 plot on logarithmic scales,

for (Cr1−xMnx)2GeC with (0 < x ≤ 0.25). Equation 5.5 is shown by the broken line.

See Ref. [159] for details. The peff/ps values of (Cr1−xMnx)2GeC appear to be smaller

than those of Eq. 5.5 probably due to the two dimensionality of this system. Reported

data of two-dimensional itinerant-electron magnets, Sr2ScO3CoAs, LaCoAsO [164], and

Fe3GeTe2 [165], are also included for comparison.

This fact manifests that the Mn-doped Cr2GeC system is a prototypical itinerant-electron

ferromagnetic system ranging from a weak limit to a relatively well-localized regime.

In Takahashi’s theory, a linear relation between M4 and H/M is predicted at the critical

temperature TC as a ferromagnetic critical behavior. Figure 5.6 shows M4 plotted against

H/M for (Cr0.85Mn0.15)2GeC. The M4 plot works well just near TC ' 190 K, as predicted

by the theory. The value of TC is a little smaller than that estimated by the high-field

extrapolation in the conventional M2 versus H/M Arrott plot.
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5.2 Antiferromagnetic correlations in Mn-doped Cr2GaC

Contrary to the case of Cr2GeC, Mn-doping enhances antiferromagnetic correlations

in Cr2GaC, although long-range magnetic ordering is not stabilized.

5.2.1 Solubility limit

XRD patterns of (Cr1−xMnx)2GaC (0 ≤ x ≤ 0.5) measured at room temperature are

shown in Fig. 5.7. The main phase is identified as the MAX phase with the Cr2AlC-

type structure. However, we detected the presence of impurity phases at x ≥ 0.4 for

(Cr1−xMnx)2GaC; the most probable impurity phases are Mn3GaC [18] with the cubic

perovskite-type structure. Hence, solubility limit of Mn to Cr2GaC is estimated to be

x' 0.35. This value is compared with 0.3 reported by Mockute et al. [26]. Lin et al. [21]

reported the synthesis of (Cr1−xMnx)2GaC up to x = 0.5, which is larger than our value.

Lattice parameters estimated for Cr2GaC are a = 2.8915 and c = 12.614 Å, which

are nearly the same as a = 2.88 and c = 12.61 Å reported by Nowotny [13] and resent

values a = 2.8937 and c = 12.6149 Å reported by Lin et al. [21], but a little smaller than

a = 2.9008 and c = 12.632 Å by Etzkorn et al. [40]. Concentration dependencies of a,

c, and the unit-cell volume V for (Cr1−xMnx)2GaC are shown in Fig. 5.8(a), (b), and
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Figure 5.7: XRD patterns measured for (Cr1−xMnx)2GaC (0 ≤ x ≤ 0.5) at room temper-

ature. Vertical bars stand for peak positions expected for pure Cr2GaC with the Cr2AlC-

type structure. Close triangles represent diffractions from Mn3GaC.

(c), respectively. Lattice parameters, a and c, and hence V tend to decrease with doping

Mn. The lattice volume of the Ga system decreases nearly linearly with increasing Mn

concentration, compared with that of the Al system is rather insensitive to the Mn doping

for (Cr1−xMnx)2AlC in Section 5.3.

5.2.2 Magnetism

Figure 5.9 shows temperature dependencies of the susceptibility measured at 1 T for

(Cr1−xMnx)2GaC (0 < x ≤ 0.4). As mentioned above, the susceptibility of pure Cr2GaC

shows typical Pauli paramagnetic behavior. The susceptibilities of (Cr1−xMnx)2GaC en-

hanced largely with Mn doping.

Before discussing the intrinsic effect of the Mn doping to the magnetism, we estimate

the solubility limit of Mn from a viewpoint of the magnetism. As clearly seen in the inset

of Fig. 5.9, the susceptibility of (Cr0.6Mn0.4)2GaC includes a large positive offset in all

the temperature range, suggesting the superposition of a ferromagnetic-like component on
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the susceptibility. Indeed, we have confirmed that the presence of the spontaneous mag-

netization even at room temperature in the measurement of the isothermal magnetization.

Judging from XRD analysis, it is reasonable to attribute this ferromagnetic-like compo-

nent to impurity phases. In the susceptibility, we observed a small hump at about 250 K,

which corresponds well to the Curie temperature of Mn3GaC [167, 168]. In the following,

we discuss the magnetism of x≤ 0.35 for (Cr1−xMnx)2GaC as intrinsic properties.

To show explicitly no spontaneous magnetization in the (Cr1−xMnx)2GaC system, we

show the isothermal magnetization curve and the Arrott plot at 2 K for (Cr0.65Mn0.35)2GaC

with maximum Mn doping as Figs. 5.10(a) and (b), respectively. The linear extrapola-

tion of the Arrott plot intercepts the vertical axis at negative values, indicating unam-

biguously no spontaneous magnetization in the compounds at the low temperature. Lin
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(Cr1−xMnx)2GaC (0 < x ≤ 0.4) at 1 T. Solid curves represent the best fits to the

modified Curie-Weiss law (Eq. 5.1).

et al. [21] claimed that their bulk (Cr0.5Mn0.5)2GaC is ferrimagnetic, but the tempera-

ture dependence of the susceptibility (measured at 1 kOe) looks similar to that of our

(Cr0.6Mn0.4)2GaC with a large extrinsic offset.

Temperature dependencies of the susceptibility measured at 1 T were fitted by the

modified Curie-Weiss law of Eq. 5.1. For (Cr1−xMnx)2GaC with 0.2 ≤ x ≤ 0.35, it is

clearly seen that experimental data deviate from Eq. 5.1 at low temperatures. The fitting

was made for high temperature parts of the experimental data to obtain the smallest er-

rors. The larger the Mn concentration is, the larger the deviation is. Mn concentration

dependencies of θ and peff obtained from the fitting are shown in Figs. 5.11(a) and (b),

respectively, where we estimated peff in two different ways, i.e., per Mn atom and per

3d transition-metal (Cr+Mn) atom. The large enhancement of the susceptibility in the

(Cr1−xMnx)2GaC system is of quite interest. Accordingly, estimated peff increases with

increasing Mn content. If we attribute the magnetic moment only to Mn atoms, peff per
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Mn reaches an unreasonably large value at large Mn contents, indicating that the localized

moment picture of Mn is inappropriate for the (Cr1−xMnx)2GaC system. Rather, if we ad-

mit the fact that Cr2GaC is one of correlated electron metals, it is reasonable to attribute

the exchange enhancement to the approaching to the magnetic instability of Cr 3d bands.

In the itinerant electron system, the magnetic instability is generally related to the

lattice volume via the band width. In the case of (Cr1−xMnx)2GaC, however, since the

lattice volume decreases (the band width increases) with increasing Mn content, the ex-

change enhancement is not attributable to this mechanism. Another possible explanation

is the position of the Fermi level, EF, with respect to the peak position of the density-

of-states (DOS) curve, which is determined by electron density. According to a number

of studies of electronic structure calculations on Cr2AC (A = Ge, Ga, Al), EF generally

locates at just below a sharp maximum of DOS made by narrow 3d bands of Cr. There-
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fore, on the basis of rigid band picture, we expect the enhancement of the magnetism

by the increase in electron density caused from the Mn doping. A hint can be found in

the experimental observation in the nitride analogue, Cr2GaN, where spin-density-wave

(SDW) ground state is realized below TN ' 170 K [70]. We ascribed the SDW state to

the two dimensional nature of Fermi surfaces. If we assume a similar electron instability,

as actually anticipated in band calculations [70], we can expect the development of the

magnetic correlation with a finite magnetic modulation vector. Probably, the gain of the

exchange energy is not enough to overcome the loss of counter energy, such as elastic and

electrostatic energy, preventing from static long-range ordering in Cr2GaC. Note that the

modulation vector is determined by the nature of Fermi surfaces and the electron density,

and hence takes any value including incommensurate ones.

In contrast to the appearance of spontaneous magnetization in (Cr1−xMnx)2GeC, the

susceptibility of (Cr1−xMnx)2GaC is characterized by the downward deviation from the

Curie-Weiss law at low temperatures. This gradual deviation is ascribed to the develop-

ment of antiferromagnetic correlations of spin density fluctuations in the itinerant electron

magnet, namely the enhancement of the staggered susceptibility at a finite magnetic wave

vector. In other words, Mn-doped Cr2GaC is classified into the so-called ‘nearly antifer-

romagnetic’ metal such as β -Mn [169]. The increase of −θ with increasing Mn content

is in accordance with the enhancement of antiferromagnetic correlations although one

should note that the value of θ does not necessarily correspond to the magnitude of the

magnetic interaction in the itinerant electron antiferromagnetic metal because the stag-

gered susceptibility is not reflected in the observed static susceptibility. Needless to say,

the ground state of Mn-doped Cr2GaC is neither ferromagnetic nor antiferromagnetic but

nonmagnetic with dynamic short-range magnetic correlations of antiferromagnetic type.

5.3 No magnetic correlations in Mn-doped Cr2AlC

In contrast to the cases of Cr2GeC and Cr2GaC, neither ferromagnetic nor antiferro-

magnetic correlations develops in Cr2AlC by Mn doping.
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Figure 5.12: XRD patterns measured for (Cr1−xMnx)2AlC (0 ≤ x ≤ 0.25) at room tem-

perature. Vertical bars stand for peak positions expected for pure Cr2AlC. Close triangles

represent diffractions from Mn3AlC, and diamonds from Cr7C3.

XRD patterns of (Cr1−xMnx)2AlC (0 ≤ x ≤ 0.25) measured at room temperature are

shown in Fig. 5.12. The main phase is identified as the MAX phase with the Cr2AlC-

type structure. However, we detected the presence of impurity phases at x ≥ 0.25 for

(Cr1−xMnx)2AlC; the most probable impurity phases are Mn3AlC [18] with the cubic

perovskite-type structure. We also detected a small amount of Cr7C3. Hence, solubility

limits of Mn to Cr2AlC are estimated to be '0.18. These values are compared with 0.06,

reported by Mockute et al. [26].

Lattice parameters estimated for Cr2AlC are a = 2.8614 and c = 12.822 Å. Concen-

tration dependencies of a, c, and the unit-cell volume V for (Cr1−xMnx)2AlC are shown

in Fig. 5.13(a), (b), and (c), respectively. Lattice parameters, a and c, and hence V tend to

decrease with doping Mn. Although the lattice volume of the Al system is rather insensi-

tive to the Mn doping, that of the Ga system decreases nearly linearly with increasing Mn

concentration, compared with the data of Mn-doped Cr2GaC in Section 5.2.
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Figure 5.13: Mn concentration dependencies of lattice parameters a (a) and c (b) and the

unit cell volume V (c) of (Cr1−xMnx)2AlC (0≤ x≤ 0.18) at room temperature.

5.3.2 Magnetism

Figure 5.14 shows temperature dependencies of the susceptibility measured at 1 T

for (Cr1−xMnx)2AlC (0 < x ≤ 0.25). Pure Cr2AlC shows a typical Pauli paramagnetic

behavior. To compare with the data of (Cr1−xMnx)2GaC in Section 5.2, the susceptibilities

are plotted in the same scale. Compared with (Cr1−xMnx)2GaC, the effect of Mn doping

to Cr2GaC and Cr2AlC are quite contrasting; with doping Mn, the susceptibility of the Ga

system is largely enhanced while that of the Al system is not.

Before discussing the intrinsic effect of the Mn doping to the magnetism, we esti-

mate the solubility limit of Mn from a viewpoint of the magnetism. In the case of the

Al system, as seen in Fig. 5.14, (Cr0.75Mn0.25)2AlC shows a non-systematic Mn con-
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Figure 5.14: Temperature dependencies of the susceptibility measured for

(Cr1−xMnx)2AlC (0 < x ≤ 0.25) at 1 T. Solid curves represent the best fits to the

modified Curie-Weiss law (Eq. 5.1).

centration dependence of the susceptibility, namely the susceptibility deviates from the

others below ∼150 K, corresponding probably to the appearance of impurity phases as

evidenced in XRD analysis. In the following, we discuss the magnetism of x ≤ 0.18 for

(Cr1−xMnx)2AlC as intrinsic properties.

To show explicitly no spontaneous magnetization in the (Cr1−xMnx)2AlC systems, we

show the isothermal magnetization curve and the Arrott plot at 2 K for (Cr0.82Mn0.18)AlC

with maximum Mn doping as Figs. 5.10(a) and (b), respectively. The linear extrapolation

of the Arrott plot intercepts the vertical axis at negative values, indicating unambiguously

no spontaneous magnetization in the compounds at the temperature.

In contrast to the case of Cr2GeC and Cr2GaC, the susceptibility of Cr2AlC is scarcely

enhanced by the Mn doping. The low-temperature Curie term, however, increases slightly

with the Mn doping (see the inset of Fig. 5.14). Hence low-temperature parts below 100

K were tentatively fitted to Eq. 5.1 to obtain θ and peff, which are plotted in Figs. 5.11(c)
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and (d), respectively, where we estimated peff in two different ways, i.e., per Mn atom

and per 3d transition-metal (Cr+Mn) atom. The value of peff per Mn atom is nearly

independent of the Mn concentration (∼1 µB/Mn), suggesting that the low-temperature

Curie term originates in the localized moment of Mn. Small absolute values of θ imply

small intersite interactions between dilute Mn localized moments.

Contrary to Cr2GeC and Cr2GaC, the Mn doping to Cr2AlC does not affect on the

Cr magnetism, suggesting that Cr2AlC is far from the magnetic instability. This is in

accordance with the smallest magnitude of the Pauli paramagnetic susceptibility among

Cr2AC (A = Ge, Ga, Al) [23].

Mockute et al. [24] reported that appearance of room-temperature spontaneous mag-

netization in (Cr, Mn)2AlC thin films. This result is of interest but cannot be compared

simply with our observation because a Mn highly doped state is realized in the film form.

5.4 Discussion

5.4.1 Contrasting response depending on A

In Cr2GeC, the Mn doping enhances ferromagnetic correlation and induces sponta-

neous ferromagnetism of itinerant electron type with relatively high TC. In Cr2GaC, the

Mn doping enhances the antiferromagnetic correlation, although it is not strong enough

to stabilize long-range magnetic ordering. In Cr2AlC, the Mn doping yields almost no

effect on the magnetism. Here we would like to emphasize that the principal magnetic

responses observed in Cr2GeC and Cr2GaC are the exchange enhancement of the Cr-3d

bands, not of the localized magnetism of the doped Mn atoms. On the other hand, in

Cr2AlC, we observed the only secondary effect of the implanted Mn moments which be-

haves as only dilute, nearly independent, and localized magnetic impurities. The origin

of these contrasting magnetic responses is of great interest.

In itinerant electron system, the extent of magnetic instability is measured by the

magnitude of UN(EF), where U is the Coulomb interaction between electrons and N(EF)

is the density of states at the Fermi level. Generally, spin polarization is realized when
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UN(EF) > 1 according to the molecular field approach of the electron gas, namely the

Stoner model. And when UN(EF) is less than but close to unity, the susceptibility is

enhanced. As already discussed in Chapter 3, the different magnetic responses of Cr2AC

are apparently related to this exchange enhancement, namely UN(EF) > 1 for Cr2GeC,

UN(EF) . 1 for Cr2GaC, and UN(EF) � 1 for Cr2AlC.

The magnetic response of the electron gas is generally discussed with use of the wave-

number dependent dynamic susceptibility χ(q, ω). If χ(q, ω) is enhance at around q = 0,

the magnetic instability of ferromagnetic type is occurred. This is the case of Cr2GeC.

The electron gas also shows a singularity of the susceptibility at q = 2kF, where kF is the

Fermi wave vector. Particularly for low-dimensional electron gases, the nesting of Fermi

surfaces easily lead to transitions to the SDW state or the helimagnetic state with a finite q.

Actually we observed the spin-density-wave transition in the nitride Cr2GaN (see Chapter

4). The antiferromagnetic-type enhancement of the susceptibility observed in Mn-doped

Cr2GaC is interpreted as due to the enhancement of χ(Q) with Q 6= 0 by the Mn doping.

It should be noted that the wave number vector q, which is determined by the electron

density, is in general not commensurate but incommensurate. Therefore the discussion of

the total electronic energy assuming simple antiferromagnetic or ferrimagnetic structures

with a fixed moment on each atomic site may not be realistic in these correlated-electron

MAX phases with two-dimensional-like electronic structures.

5.4.2 Perspective of magnetic MAX phases

Even for pure Cr2AC (A = Ge, Ga, Al), a number of calculations predicted mag-

netic ground state. Experimentally, however, all of Cr2AC are Pauli paramagnetic and

do not exhibit long-range magnetic ordering even at the lowest temperature. The ori-

gin of this discrepancy is two hold. One is in the side of calculations. Clearly some of

Cr2AlC is exchange-enhanced, indicating that the effect of electron correlation is impor-

tant in Cr2AC. It is generally difficult to take account of the effect of electron correla-

tion into calculations a priori. Furthermore, when discussing possible antiferromagnetic

structures, most of previous calculations assume relatively simple structures with fixed
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moments at each atomic site. This is rather unreasonable restriction, because an incom-

mensurate long-period structure, determined by the Fermi wave number vector, is rather

easily selected in these two-dimensional-like conductors; the transition to the SDW state

is actually suggested for Cr2GaN. The other is in the experimental side. Generally in

metallic 3d magnets, the low-dimensionality leads to exchange enhancement because the

reduction of atomic bonds results in the narrowing the 3d bands and hence the increase of

N(EF). On the other hand, it should be noted that magnetic sublattice in this system forms

two dimensional triangular lattice in the c plane. If the spin density is relatively localized

at the atomic position, the effect of exchange frustration is expected even in the itinerant

electron magnet. As a result, a non-ordered state with dynamical spin fluctuations are

realized even at low temperature. This is the case for Mn-doped Cr2GaC. Hence, it is

rather natural to see different ground states in experiments and calculations.

It is not a easy task to realize ‘magnetic’ MAX phases with high TC and a large spon-

taneous moments because the MAX phases are, in nature, the itinerant-electron system

with low dimensional electronic structures. Here we suggest a few possible directions.

It is apparent that the M site should be partly or fully substituted by heavier 3d element

such as Mn and Fe. Unfortunately, however, neither Mn-based nor Fe-based MAX phases

seem to exist in the equilibrium state. Thus the challenge to fabricate metastable phases is

an appropriate direction to realize magnetic MAX phases. The relatively high TC of∼230

K observed in Mn2GaC thin films [27] is a notable achievement. Other directions are to

make nitrides and to increase the value of n in Mn+1AXn. It is known that, in metallic

magnets, the nitridation often enhances the magnetism. The increase of n, namely the in-

crease in the number of magnetic atoms in the edge-sharing M6X octahedral layer, would

results in the increase in the effective dimensionally of the magnetic sublattice and then

the stabilization of local moment at magnetic atoms.
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Chapter 6

Summary

The magnetism of Cr-based MAX phases and the effects of Mn-doping to them have

been studied for the samples in the bulk form prepared via solid state reactions.

(1) Non-doped Cr2AC (A = Al, Ga and Ge) show typical Pauli paramagnetic behaviors.

They are more exchange-enhanced in the order of Cr2GeC, Cr2GaC and Cr2AlC. The Mn-

doping experiments demonstrates that Cr2GeC lies close to the ferromagnetic quantum

criticality.

(2) Cr2GaN shows a SDW transition at TN = 170 K in contrast to the Pauli paramag-

netism in the carbide counterpart Cr2GaC. The formation of the SDW state is interpreted

in terms of the nesting of Fermi surfaces of the two-dimensional-like electronic structure.

(3) (Cr1−xMnx)2GeC was synthesized successfully in the Mn concentration range of

x ≤ 0.25. The Mn doping induces ferromagnetic band polarization, where TC and ps

increase nearly proportionally to the Mn concentration. TC reaches around room tem-

perature at x ∼ 0.2, being consistent with the finding in the single-crystalline thin film

[22]. The ferromagnetism is understood as a prototypical itinerant-electron ferromag-

netism ranging from a very weak limit to a relatively electron-localized regime.

(4) (Cr1−xMnx)2GaC was succeesfully synthesized in the Mn concentration range of

x ≤ 0.35. By the Mn doping, antiferromagnetic correlations in spin density fluctuations

are largely enhanced in Cr2GaC although they are not strong enough to realize static

magnetic ordering.
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(5) (Cr1−xMnx)2AlC was successfully synthesized in the Mn concentration range of

x≤ 0.18. The magnetism is hardly enhanced in Cr2AlC by the Mn doping.

As a whole, the magnetism of Cr2AX is interpreted in terms of the itinerant electron

magnetism of Cr-3d bands with two-dimensional-like electronic structures. Their ground

states are probably dominated by the extent of exchange enhancement and the electron

density.
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Appendix A:
Spin-glass and cluster-glass behaviors in Mn-doped Cr2GaC

In Mn-doped compounds, the low-field response is somehow different from that at

high field. In this appendix, we discuss the low-field properties, which reflect the behavior

of dilute Mn localized moments.

The susceptibility for (Cr0.65Mn0.35)2GaC measured at a low field of 100 Oe is shown

in Fig. 1. It was measured in both ZFC and FC conditions. At high temperatures, the

susceptibility shows a Curie-Weiss behavior. A clear spin-glass behavior, namely a sharp

cusp and different temperature dependencies in ZFC and FC conditions (the field-cooled

effect), were observed below Tg = 15 K. This fact suggests that dilute Mn magnetic mo-

ments, which are localized to some extent, behave nearly independently. However, the

magnitude of such localized moments should be small taking account of the Mn concen-

tration dependence of peff as peff → 0 at x→ 0. On the other hand, the susceptibility of

(Cr0.9Mn0.1)2GaC with a less Mn content continues to increase with decreasing tempera-

ture down to the lowest temperature corresponding to the weaker interaction among Mn

moments. Note that the high-field susceptibility of (Cr0.65Mn0.35)2GaC deviates from the

Curie-Weiss behavior from a temperature much higher than Tg. The observation of the

spin-glass behavior implies that the interaction among Mn moments is random and the

frequencies of their fluctuations are largely distributed. As mentioned in Section 5.2.2,

the major function of the Mn moments is to induce spin polarization over the whole part

in the metallic magnet.

The data in the main panel of Fig. 1 was in fact measured after the third heat treatment,

which was performed to homogenize the specimen. FC and ZFC temperature dependen-

cies of the susceptibility measured before the third heat treatment is shown in the inset

of Fig. 1. The susceptibility increases suddenly below ∼120 K. Below the temperature,

an appreciable field-cooled effect was already observed. Furthermore, just at Tg = 15 K,

the susceptibility shows another anomaly together with a larger field-cooled effect below

Tg. The disappearance of the high-temperature anomaly after the third heat treatment
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Figure 1: Temperature dependencies of the susceptibility measured for (Cr0.9Mn0.1)2GaC

and (Cr0.65Mn0.35)2GaC (after third heat treatment) and under a field of 100 Oe in

zero-field-cooled (closed marks) and field-cooled (open marks) conditions. The in-

set shows the susceptibility measured in the same conditions for the same sample of

(Cr0.65Mn0.35)2GaC after second heat treatment.

clearly indicates that the high-temperature anomaly is caused from a different nano-scale

structure, probably atomic clustering of Mn. Hence, the high-temperature anomaly is rea-

sonably interpreted as a cluster-glass behavior while the low-temperature one is ascribed

to the spin-glass freezing of dilute and nearly independent Mn moments. In other words,

in the sample after the second heat treatment, we expect the presence of inhomogeneous

atomic clustering of Mn. It is also notable that the susceptibility measured after the sec-

ond heat treatment (inset) has an offset compared with that after third heat treatment (main

panel) indicating that a faint effect of ferromagnetic-like impurities is still present in the

sample after the second heat treatment. The appearance of such a cluster-glass behavior

due to atomic clustering and its disappearance by homogenization are often observed in

typical dilute spin-glass systems. Probably in the (Cr1−xMnx)2AC systems, Mn atoms
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tend to condense depending on the heat treatment, hence the magnetism would be sensi-

tive to the extent of Mn atomic clustering. A similar cluster-glass-like behavior has been

reported for (Cr0.7Mn0.3)2GaC, for which the susceptibility was measured at 500 Oe [26].

We have confirmed that such a cluster-glass behavior is observed for (Cr1−xMnx)2GeC,

being consistent with the report by Tao et al. [25], and that the anomaly disappears too by

repeating heat treatments (unpublished).
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Appendix B:
Synthesis of a new MAX phase V2GeN

We have succeeded in synthesizing a new MAX phase compound, V2GeN. Neither

the synthesis nor calculations has been reported any literature. In this appendix, we sum-

marize the synthesis of V2GeN.

A polycrystalline sample of V2GeN was synthesized from a mixture of V (99.9% pure

100 mesh powder), VN (99% pure 325 mesh powder) and Ge (99.999% pure 6- to 20-

mm flakes), purchased from the Rare Metallic Co. Ltd., heated at 1000◦C for 5 days by

solid-state reaction in evacuated quartz tubes. X-ray diffraction (XRD) was performed at

room temperature using an x-ray diffractometer (PANalytical X’Pert PRO Alpha-1) with

Cu Kα radiation.

Figure 2 shows experimental and Rietveld refined powder XRD profiles for V2GeN

measured at room temperature. All the diffraction peaks were indexed to the hexagonal

Cr2AlC-type structure with the space group of P63/mmc. We performed the Rietveld

refinement analysis of the room-temperature XRD pattern using RIETAN-2000 [136] and

obtained the lattice parameters are a = 2.993(3) Å and c = 12.280(9) Å. The internal

structural parameter z coordinate of the V position (4f site) was z = 0.0862(1).

We have measured the temperature dependence of the susceptibility and 51V NMR.

From the results, V2GeN is most probably a simple Pauli paramagnet. However, we have

observed a small anomaly in the susceptibility at ∼170 K. This is probably due to the

inclusion of the small amount of vanadium oxides which show a metal-insulator transition

at around the temperature. More purification of the sample seems to be necessary before

discussing physical properties of pure V2GeN.
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ature for V2GeN. The vertical marks (blue bars) below the diffraction patterns stand for
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Table 1: Crystal structure parameters for V2GeN.

Formula V2GeN

Space group P63/mmc (No. 194)

Lattice constants

a = 2.993(3) Å

c = 12.280(9) Å

Atomic positions

V (4f ) (1
3 , 2

3 , 0.0862(1))

Ge (2d) (1
3 , 2

3 , 3
4 )

N (2a) (0, 0, 0)
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[33] J. P. Palmquist, S. Li, P. O. Å. Persson, J. Emmerlich, O. Wilhelmsson, H. Högberg,
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[135] J. Gröbner, R. Wenzel, G. G. Fischer, and R. Schmid-Fetzer. Thermodynamic cal-

culation of the binary systems M–Ga and investigation of ternary M–Ga–N phase

equilibria (M = Ni, Co, Pd, Cr). Journal of Phase Equilibria, 20(6):615–625, 1999.

[136] F. Izumi and T. Ikeda. A Rietveld-analysis programm RIETAN-98 and its applica-

tions to zeolites. In Materials Science Forum, volume 321, pages 198–205. Trans

Tech Publ, 2000.

[137] T. Matsuzaki, K. Ishida, K. Nagamine, I. Watanabe, G. H. Eaton, and W. G.

Williams. The RIKEN-RAL pulsed muon facility. Nuclear Instruments and Meth-

ods in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment, 465(2):365–383, 2001.

[138] J. P. Perdew, K. Burke, and M. Ernzerhof. Generalized gradient approximation

made simple. Physical Review Letters, 77(18):3865, 1996.

[139] S. Amini, A. Zhou, S. Gupta, A. DeVillier, P. Finkel, and M. W. Barsoum. Syn-

thesis and elastic and mechanical properties of Cr2GeC. Journal of Materials Re-

search, 23(08):2157–2165, 2008.

[140] A. Narath. Nuclear spin-lattice relaxation in hexagonal transition metals: Titanium.

Physical Review, 162(2):320, 1967.

[141] J. Korringa. Nuclear magnetic relaxation and resonnance line shift in metals. Phys-

ica, 16(7):601–610, 1950.

98



[142] M. Pernpointner and P. Schwerdtfeger. Accurate nuclear quadrupole moments of

the gallium isotopes 69Ga and 71Ga within the PCNQM model. Chemical Physics

Letters, 295(4):347–353, 1998.

[143] R. K. Harris, E. D. Becker, S. M. Cabral de Menezes, R. Goodfellow, and

P. Granger. NMR nomenclature. Nuclear spin properties and conventions for chem-

ical shifts (IUPAC Recommendations 2001). Pure and Applied Chemistry, 73(11):

1795–1818, 2001.

[144] H. Wu, Y. Wang, W. J. Gong, Y. Han, and X. H. Chen. Thermal transport through

a one-dimensional quantum spin-1/2 chain heterostructure: The role of three-site

spin interaction. The European Physical Journal B, 86(1):1, 2012.

[145] Z. Y. Jiao, S. H. Ma, and X. F. Huang. A first-principles study on the structural, me-

chanical, electronic and optical properties of the Cr2(AlxGe1−x)C alloys. Journal

of Alloys and Compounds, 583:607–613, 2014.

[146] J. M. D. Coey and P. A. I. Smith. Magnetic nitrides. Journal of Magnetism and

Magnetic Materials, 200(1):405–424, 1999.

[147] E. Fawcett. Spin-density-wave antiferromagnetism in chromium. Reviews of Mod-

ern Physics, 60(1):209, 1988.

[148] B. C. Munday, A. R. Pepper, and R. Street. in Proceedings of the International

Conference on Magnetism, Nottingham, 1964, (Institute of Physics and the Physi-

cal Society, London, 1965), 1965.

[149] W. B. Muir and J. O. Ström-Olsen. Electrical resistance of single-crystal single-

domain chromium from 77 to 325 K. Physical Review B, 4(3):988, 1971.

[150] C. Akiba and T. Mitsui. The critical exponent of the anisotropic electrical resistivity
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