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Abstract. The MAX phase is one possible candidate for quasi-two-dimensional (Q2D)
magnets owing to its layered structure. We report itinerant electron ferromagnetic and
antiferromagnetic long-range orders in (Cri—,Mn;)2GeC and CrpGaN, respectively. Because
CrzGaN orders in a spin-density-wave state, the Q2D character is highly plausible. However,
the Q2D nature is not straightforward in (Cri—;Mn;)2GeC because of the absence of useful
criteria to judge the dimensionality in the itinerant electron ferromagnet. In this article, we
attempt to reveal the Q2D character of ferromagnetic (Cri—;Mn,)2GeC by analyzing magnetic
data in terms of the spin fluctuation theory for the Q2D system.

1. Introduction

Quasi-two-dimensional (Q2D) itinerant electron magnets have been attracting a great deal of
attention in condensed matter physics research. Particularly, unconventional superconductivity
in Q2D materials is one of the most familiar examples. A superconducting phase is often found
in the vicinity of a magnetically ordered phase of layered materials such as cuprates and iron
pnictides.

We have focused on the MAX phase as a new candidate for a Q2D itinerant electron magnet.
The chemical formula of the MAX phase is M,,+1AX,,, where M is an early transition metal, A
is a main group metal, X is carbon or nitrogen, and n = 1, 2, 3. The M,,+1X,, layer and the
A triangular lattice layer are piled up alternatively to form the layered structure [1]. Although
the known stable phases were found in the 1960s-70s [2], the magnetism of the MAX phase has
remained almost unexplored. Among stable MAX phases, only Cr-based materials are likely to
be magnetic. We first surveyed the magnetism of nondoped Cr-base materials CryAlC, CroGaC,
CraGeC, and CroGaN and found that the carbides are all Pauli paramagnetic, whereas CroGaN
shows a spin-density-wave (SDW) transition at 170 K [3]. As far as we know this is the only
example of the bulk nondoped magnetically ordered MAX phase. However, room temperature
ferromagnetism in a (Crg75Mng.25)2GeC thin film has been reported [4]. Independently, we
confirmed bulk ferromagnetism and its systematic enhancement in the (Cry_,Mn,)2GeC system
[5].

The Q2D magnetism in localized spin systems is often discussed based on the magnetic
susceptibility x. Deviation from the Curie-Weiss law and a broad maximum in y at a low
temperature associated with magnetic short-range order are signatures of Q2D magnetism.
In the itinerant electron case, the appearance of the SDW state suggests strongly Q2D
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antiferromagnetism because it often originates from the low-dimensional nature of the Fermi
surfaces and their nesting. This is the case of CroGaN. However, it is difficult to discuss the
Q2D character in (Cry—,Mn,)2GeC because of the absence of established criteria for the itinerant
electron ferromagnet.

Spin fluctuation parameters, which can be estimated from macroscopic magnetic data using
Takahashi’s spin fluctuation theory [6], would be helpful to discuss Q2D itinerant electron
ferromagnetism. Recently, spin fluctuation parameters were estimated for itinerant electron
ferromagnets with layered structures [7, 8, 9, 10, 11, 12]. In the generalized Rhodes-Wohlfarth
plot, some systems exhibit significant deviation from the three-dimensional (3D) theoretical
relation. However, it is difficult to judge whether the deviation is due to low dimensionality.

In this article, as a more quantitative discussion for the systematic deviation from the 3D line
for (Cr1_;Mn;)2GeC, we analyzed macroscopic magnetic data using Takahashi’s spin fluctuation
theory [6] and its extension to the Q2D system [13].

2. Experiments

Polycrystalline samples of (Crj_,Mn,;),GeC were synthesized by solid state reaction of
powder elements in evacuated quartz silica tubes. The heating temperature was 950-1000°C.
Macroscopic magnetic measurements were performed using a SQUID magnetometer (MPMS,
Quantum Design) at 7' = 2-300 K and H = 0-7 T.

3. Analysis
Here we describe the analysis used to estimate spin fluctuation parameters and the index of
dimensionality using magnetization data.

Wave number and frequency dependencies of the imaginary part of the dynamical
susceptibility for weak itinerant electron ferromagnets can be described by a double Lorentzian
spectrum. As measures of spectral widths in wave-vector and energy spaces, T4 and Ty are
introduced, respectively [14].

On the other hand, Landau’s expansion of the magnetic free energy at the ground state is
described as . 7
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where g is the Lande’s g-factor, x is the magnetic susceptibility, up is the Bohr magneton and Ny
is the number of magnetic ions. F} corresponds to the slope of the Arrott plot. Experimentally
we can estimate Fj with the relation as

Fn(M) = Fu(0) +

o= Ng(QMB)4
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where § is the slope of the Arrott plot at zero temperature and kg is the Boltzmann constant.
In Takahashi’s spin fluctuation theory, F; is related to T4 and Tj as

(2)
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We also obtain the relation among the spontaneous moment at the ground state ps, T4 and Tj
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where Cy/3=1.00608- - -. Using Egs.(3) and (4), we can estimate T4 and Ty from macroscopic
magnetic data.
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Takahashi’s spin fluctuation theory is extended to the Q2D system by introducing the
anisotropy to the electron effective mass. As a measure of the dimensionality, €2 = m/m/
is used, where m and m’ are the effective in-plane and out-of-plane components of the mass,
respectively. In this treatment, the relation among Fj, T4 and Ty can be modified from the 3D
case as

_ 272 6 — 3¢
=4 = .
' 5dL Ty 3—¢ 5)
As a result, we obtain, for the Q2D case, the relations
Tc 5/3 pg 5sz1 -1/ 6
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which enable us to calculate the spin fluctuation parameters using macroscopic data. When we
calculate T4 and T using these equations, € should be set in addition to macroscopic magnetic
data. To estimate €, we use the generalized Rhodes-Wohlfarth plot.

Although the original Rhodes-Wohlfarth plot was proposed empirically, Takahashi showed
that pes/ps plotted against T /Ty satisfies

Deff Te\ 23
=14(—
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for a 3D itinerant electron weak ferromagnet. For the Q2D case, the relation between peg/ps
and t. = T¢ /Ty is given as a function of € as
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where 1 (v) is the digamma function. In contrast ot the 3D case, the theoretical relation for
the Q2D case needs numerical calculations, because Eq.(9) is not analytic. Calculated curves
deviate downward from the 3D line (Eq.(8)) with decreasing e. By using these curves we can
estimate e for the data points. Since the location of the data points in the plot depends on the
presumed € value to calculate Ty, € should be determined self-consistently.
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4. Results and Analysis

Figure 1 shows the Arrott plot for (Cri_,Mn,)2GeC at T = 2 K. Since the T¢ values of
(Cr1—;Mn,)2GeC are sufficiently high compared to 2 K, we estimate ps and F; from these
data by regarding the magnetization as that of the ground state. Solid lines are the best fits of
the data to

H
M? =p?+&—. 16

With increasing z, the M?-intercept or ps increases monotonically. The slope also increases,
suggesting that changes in the spin fluctuation are associated with the Mn substitution.
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In Fig. 2, the temperature dependence of the spontaneous moment My(T') estimated from the
Arrott plot is shown for = 0.075. With increasing temperature, My(T') decreases monotonically
to be zero at T = 115 K. The magnetic susceptibility estimated from the Arrott plot was fitted
with the modified Curie-Weiss law

NopZgiid
T) = — B 17
x(T) Shn(T —0) T X (17)

where 0 and xo are the Weiss temperature and temperature independent susceptibility,
respectively. The obtained parameters are p.g = 0.888 up, 8 = 138 K, and xo = 0.00019
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emu,/mol. We show the temperature dependent term of the reciprocal susceptibility to compare
it to the theoretical curves.

Table 1. Magnetic data and spin fluctuation parameters for (Cri_,Mn,)2GeC. To calculate
T'4-Q2D and Tp-Q2D, we used the Q2D index € = 0.2. Tp-Q2D was used to calculate Tc/Tp.

x Tc  pes Ds Fy Tya-3D  Tx-Q2D  Tp-3D  Tp-Q2D  pea/ps  Tc/To
(K) (wB) (ws) (10*K) (10*K) (10'K) (10*K) (10*K) 107°

0.025 43  0.456 0.00961 831 102 106 3.31 2.94 47.5 1.46
0.0375 48 0.596 0.0197 201 35.2 36.6 1.62 1.44 30.2 3.30
0.050 75 0.712  0.0335 88.2 22.6 23.5 1.54 1.37 21.2 5.47
0.075 115 0.888  0.0566 35.2 14.1 14.7 1.51 1.34 15.7 8.56
0.10 150 1.15 0.0867 13.8 8.68 9.02 1.46 1.30 13.3 11.6
0.125 193 1.18 0.101 9.99 8.25 8.58 1.82 1.62 11.6 11.9
0.15 205 1.33 0.140 4.84 5.08 5.28 1.42 1.26 9.47 16.2
0.20 270 1.47 0.189 2.65 3.93 4.09 1.55 1.38 7.82 19.5

The magnetic data obtained are listed in Table 1. When we assume a 3D nature, T4 and
Th can be readily calculated from these values. Even if we assume a 3D nature, the data for
(Cr1—zMn,)2GeC plotted in the form of log(peg/ps) vs. log(Tc/Ty) are systematically shifted
downward from the 3D line [5].
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If we take into account €, the data points slightly move to the right from the 3D case. As
shown in Fig. 3, all the experimental data agree well with the case for ¢ = 0.2, suggesting that
(Cr1—zMn,)2GeC are Q2D itinerant electron weak ferromagnets and that the dimensionality of
this series is insensitive to the Mn content. The latter is consistent with the fact that lattice
constants are almost independent of x [5]. The obtained e value implies that the out-of-plane
component of the effective mass is about 25 times larger than that of the in-plane one. To check
the validity of the analysis, experimental estimation of the effective mass would be helpful.

In the figure, we add the data taken from the literature for other itinerant electron weak
ferromagnets with layered structures. Although e is not included when Ty is estimated for
these materials, some of the data points show an apparent downward deviation from the 3D
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line, suggesting a Q2D character. This plot would be useful to estimate the dimensionality for
itinerant electron ferromagnets.

Using Egs.(11) and (12), we calculated the reciprocal susceptibility for z = 0.075 for 3D
(Ta = 141 x10* K, Ty = 151 x10* Kand e = 1) and Q2D (T4 = 14.7 x 10* K,
To = 1.34x10* K and ¢ = 0.2) cases, which are shown in Fig. 2. The reciprocal susceptibility
calculated for the 3D case is about 1/4 that of the experimental one. By taking into account the
Q2D nature, the agreement between theory and experiments is improved but not satisfactorily.
For further improvement of the theory, Q2D analyses for other layered systems are desired. We
do not dare to estimate the spin fluctuation parameters and e from the reciprocal susceptibility
because they cannot be determined independently.

5. Summary

We analyzed macroscopic magnetic data of (Crj_,Mn,)2GeC using the spin fluctuation theory
for Q2D itinerant electron ferromagnets. We observed a systematic deviation from the theoretical
3D line in the generalized Rhodes-Wohlfarth plot, whose appearance indicates a Q2D character.
The index of dimensionality for the (Cr;_,Mn,)2GeC series was estimated to be ¢ = 0.2 from
a comparison of the data points and the theoretical curve in the plot.
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