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Herein, we report on the bulk synthesis of (Cr;—yMny)2 AlC and (Cr{—,Mn,, ), GaC MAX phases. Scanning electron and transmission
electron microscopy, in combination with energy-dispersive X-ray spectroscopy performed locally on MAX phase grains, revealed x
and y to be 0.06 (3 at%) and 0.3 (15 at%), respectively. The introduction of Mn into the structure did not result in appreciable changes
in the c-lattice constants. Vibrating sample magnetometry measurements suggest that bulk (Crg.7Mng 3), GaC may be magnetic.
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1. Introduction The MAX phases constitute a family
of inherently nanolaminated ternary compounds with a
general composition of M, 11AX, (M—early transition
metal, A—A-group element, X—C or N, n = 1-3).[1,2]
Different stoichiometries are often referred to as 211,
312, and 413. Following their discovery in the 1960s,[1]
the MAX phases have attracted increased attention more
recently due to a unique combination of metallic and
ceramic properties, originating from the presence of both
metallic and covalent bonds between different atomic
layers.[2] Some of them are not only oxidation and ther-
mal shock resistant, but are also good electric and thermal
conductors. In addition, the MAX phases are readily
machinable and extremely damage tolerant. More than
60 pure MAX phases and a large number of their solid
solutions have been synthesized and characterized to
date.[2]

Partial substitution of the M, A, or X elements is a
process by which the MAX phase properties can be tai-
lored. For example, the elastic modulus of Ti3(Si,Al)C,,
[3] hardness of (Ti,V),AlC,[4] and conductivity of
(Ti,Nb), AlIC [5] can be tuned in between the values of
the end members. To date, most of the substitutions have
been with elements chosen from those used in previously
synthesized MAX phases. It is reasonable to assume,
however, that substitutions from outside the constellation

of elements known to form MAX phases are likely to
provide more pronounced property changes or even new
characteristics. For example, replacing the C by O in
Ti, AlIC is predicted to tune the conductivity along the
c-axis.[6]

More germane to this work is the theoretical predic-
tions that Mn can form solid solutions on the M sites, and
that the resulting compounds would be magnetic.[7] Both
predictions were subsequently experimentally realized
in (Cr,Mn),AIC [8,9] and (Cr,Mn),GeC [10] thin films.
Very recently, the existence of the first Mn-based MAX
phase, Mn, GaC, has been reported.[11] Most importantly
(Cr,Mn),GeC [10] and Mn,GaC [11] thin films have been
shown to exhibit a magnetic response, including a ferro-
magnetic (FM) contribution up to transition temperatures
of 200 and 230K, respectively. Furthermore, tuning of
the magnetic state (FM vs. antiferromagnetic (AFM))
depending on the Cr—Mn atomic configurations on the M-
sublattice was suggested for both (Cr,Mn),AlC [7] and
(Cr,Mn),GeC.[10]

To date, most of the work on Mn incorpora-
tion into MAX phases has been carried out on thin
films. Reports on the synthesis and characterization
of bulk samples have focused on (Cr,Mn),GaC [12]
and (Cr,Mn),GeC.[13,14] Up to 12.5at% Mn content
has been achieved in (Cr,Mn),GeC, in agreement with
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corresponding thin films,[10] and an increase in Curie
temperature as well as magnetic moment per M-atom
has been demonstrated with increased Mn concentration.
For (Cr,Mn),GaC, however, no attempts were made to
measure changes in magnetic properties upon Mn incor-
poration. It is important to note that in Ref,[12] the
claimed Mn content of 7.5 and 25 at% was based on
the composition of the initial powder mixtures only. As
shown herein, this does not necessarily correspond to the
composition obtained in the MAX phase after synthesis.

The discovery of these Mn-containing MAX phases
reveals a new group of solids of inherent atomic lami-
nates with potentially tunable magnetic properties. This
motivates further experimental and theoretical investi-
gations on Mn incorporation into the MAX phase under
conditions closer to thermodynamic equilibrium, as com-
pared to thin film synthesis. The purpose of this work is
to report on the synthesis of bulk (Cr;_,Mn,),AIC and
(Cri—yMn, ),GaC phases. The difference in Mn incorpo-
ration was investigated through careful local, as well as
average composition analysis. In addition, preliminary
magnetic characterization was performed.

2. Experimental Details A series of (Cr,Mn),AlC
samples with Cr:Mn:Al:C molar ratios of 2:0:1.3:1,
1.8:0.2:1.3:1, 1.6:0.4:1.3:1, 1.2:0.8:1.3:1, 0.8:1.2:1.3:1,
and 0.4:1.6:1.3:1 were synthesized. The powders used
(all from Alfa Aesar, Ward Hill, MA) were Cr (99%,
—325mesh), Mn (99.3%, —325mesh), Al (99.5%,
—325mesh), and graphite (99%, —300 mesh). The pow-
ders were mixed, cold pressed (at 400 MPa) and heated to
1,400°C for 1 hunder Ar flow. In order to get a fully dense
(Cr,Mn),AIC sample, a powder mixture with Cr:Mn
1.8:0.2 was hot-pressed, HPed, in a graphite heated,
vacuum-atmosphere HP (Series 3600, Centorr Vacuum
Industries, Somerville, MA) at 1,400°C and 39 MPa
for 3h.

Due to its low melting point (29°C), Ga could not
be effectively mixed with powders of the remaining three
elements, therefore a different synthesis set-up was used.
Initial powder mixtures of Cr, Mn and graphite were con-
tained in cylindrical alumina crucibles and Ga (99%, Alfa
Aesar, Ward Hill, MA) pellets were placed on top. Upon
melting, the Ga wet the other powders and reacted with
them. The crucibles with powder were degassed at 140°C
for 10 h in a mechanical vacuum and then inserted into a
glass tube which was evacuated, heated to 975°C at a rate
of 15°C/min, and held at that temperature for 24 h. Five
(Cr,Mn),GaC samples with Cr:Mn:Ga:C molar ratios of
2:0:1:1,1.5:0.5:1:1,1:1:1:1,0.5:1.5:1:1,and 0:1:1:1 were
synthesized.

Phase identification was performed using a X-ray
diffraction (XRD) diffractometer (Panalytical Empyrian
MRD) equipped with a line focus CuK, (A = 1.5419 A)
source. A scanning electron microscope, SEM (LEO
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1550), equipped with energy-dispersive X-ray (EDX)
detector (Oxford Instruments X-Max) was used for com-
positional analysis.

A transmission electron microscope, TEM (Tecnai
G2 TF20 UT FEG), equipped with an EDX detector
(EDAX) was also used for sample characterization. The
TEM samples were prepared from powder suspensions in
ethanol evaporated on a carbon-coated grid. TEM imag-
ing and selected area electron diffraction (SAED) were
performed at 200kV. Vibrating sample magnetometry
(VSM) was used for dc magnetization measurements. The
VSM characterization was carried out in a Physical Prop-
erties Measurement System (Quantum Design). Since
sample purity is crucial for magnetic measurements, the
(Cr,Mn),GaC samples were treated with concentrated
HCI (37%) to dissolve any impurity phases prior to the
VSM measurements.

3. Results and Discussion

3.1. (Cr,Mn); AIC. X-ray 6—20 analysis revealed the
formation of the 211 phase in samples with initial Cr:Mn
ratios of 2:0, 1.8:0.2, and 1.6:0.4. Gradually increas-
ing the Mn content in the initial powder mixture led to
the formation of competing phases, primarily Mn;AIC.
Concomitantly, a substantial decrease in 211 phase peak
intensities was observed. Figure 1 presents a 6—26 scan
of a HPed sample with Cr:Mn ratio of 1.8:0.2. The Cr;C;
peaks most likely formed due to excess C provided by the
graphite sheets used to separate the initial powder from
the punch surfaces.

Powders of the sample with a Cr:Mn ratio of 1.8:0.2
were mixed with 10 wt% Si powder as an internal refer-
ence for XRD. After scan adjustment, a c-lattice param-
eter of 12.85 A and a-lattice parameter of 2.85 A were
calculated from Bragg’s law.

Figure 2(a) shows a typical fractured surface of
the HPed (Cr,Mn),AIC sample with the initial Cr:Mn
ratio of 1.8:0.2, revealing large (2040 pm in diameter)
layered grains typical of the MAX phases. This can be
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Figure1. XRD 6260 scan of HPed (Cr,Mn); AlC with a Cr:Mn
ratio of 1.8:0.2 in the initial powder.
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Figure 2. Typical SEM image of a fracture surface of a HPed
(Cr,Mn),AIC sample with an initial Cr:Mn ratio of 1.8:0.2 at
(a) low magnification and (b) higher magnification. Kinking
and delamination of MAX phase grains are obvious in (b).

better seen from Figure 2(b), where the nanolaminated
structure, combined with the high c¢/a ratio and rela-
tively weak metallic bonds between M- and A-layers,
results in the formation of typical kink bands and
delaminations.[15]

SEM-EDX point analysis on 10 different MAX phase
grains in Figure 2 in different areas was performed.
Homogeneous Mn incorporation with a Cr:Mn ratio of
15.3:1 was measured. In other words, assuming that the
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Mn replaces the Cr atoms, the Mn concentration was
3 £ 1 at% and the resultant MAX phase composition is
thus (Crg.94Mng o6)2 AlC.

A high-resolution TEM image of a (Cr,Mn),AlC
region is shown in Figure 3(a), again revealing the char-
acteristic nanolaminated nature of the material. Local
EDX analysis performed on selected MAX phase grains
yielded Mn concentration values of 3 = 1 at%, in good
agreement with SEM-EDX quantification.

3.2. (Cr,Mn), GaC. XRD diffraction patterns of the
Cr,GaC samples showed that in addition to the 211 phase,
peaks belonging to the inverse perovskite, Mn;GaC, and
graphite were observed. A typical example is shown in
Figure 4 for a (Cr,Mn), GaC sample with a Cr:Mn ratio of
1:1 in the initial powder. The c- and a-lattice parameters
were calculated from the XRD patterns — using Si as an
internal standard—to be 12.62 and 2.89 A, respectively.

Figure 5(a) and 5(b) shows typical fractured surfaces
of the (Cr,Mn),GaC sample with a Cr:Mn ratio of 1:1.
Here again, kink bands typical of the MAX phases are
obvious (Figure 5(b)).

EDX point analysis has been performed on 10 MAX
phase grains in the Cr:Mn 1:1 sample in different areas,
for all grains giving a (Cr 4+ Mn):Ga ratio of 2:1, which
corresponds to the M: A element ratio in a stoichiometric
n =1 MAX phase. As EDX does not provide accurate
values for light elements, especially C, its content was
not quantified. From the measured Cr:Mn ratio of 2.4:1
and assuming that (Cr + Mn) = 50 at%, the Mn concen-
tration can be determined to be 15 at%, corresponding to
the substitution of almost one-third of the Cr atoms and a
resulting MAX phase composition of (Cry;Mng3),GaC.
Furthermore, the small standard deviation (%1 at%) from
the average value indicates a homogeneous Mn incor-
poration in the MAX phase across the sample. Samples
with an initial powder composition with a Cr:Mn ratio of
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Figure 3.
[1100] and [1120] zone axis, respectively, in (Cr,Mn);GaC.
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Characteristic nanolaminated structure of (a) (Cr,Mn), AIC and, (b) (Cr,Mn),GaC; (c) and (d) SAED patterns along the
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Figure 4. XRD 626 scans of (a) (Cr,Mn),GaC sample with

a Cr:Mn ratio of 1:1 in the initial powder and, (b) HCI treated

(Cr,Mn),;GaC sample.

20 80

Figure 5. (a) SEM overview image of fracture surface of
(Cr,Mn),GaC. MAX phase appears as layered grains with typ-
ical diameters of 2040 um and, (b) kink band in individual
grain.
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1.5:0.5 resulted in 8 & 1 at% Mn being incorporated into
the MAX phase, i.e. (Cryg4Mny 16),GaC.

TEM analysis, including SAED of the sample
with 15at% Mn content, is presented in Figure 3(b)—
(d), showing a MAX phase grain oriented along the
[1100] zone axis. SAED patterns along the [1100]
and [1120] zone axes were recorded from a single
MAX phase grain, as presented in Figure 3(c) and 3(d),
respectively. SAED in combination with accordingly
determined lattice constants of a =2.94A and ¢ =
12.59 1°\, in turn consistent with the XRD analysis,
allows unambiguous identification of the MAX phase
structure.

Composition analysis of well-separated MAX phase
grains has also been performed in TEM-EDX, where
the Cr, Mn, and Ga elemental ratio was found to be
46.7:20.0:33.3, respectively. The combined (Cr + Mn) :
Ga ratio is thus 2:1 and the resultant Mn concen-
tration, assuming (Cr + Mn) = 50at%, is 15 &£ 1 at%.
In other words, these results are in excellent agree-
ment with those determined from SEM-EDX and con-
firm that the Mn is uniformly incorporated across the
sample.

3.3.  Solubility Differences. Interestingly, the latt-
ice parameters of  the (Crg.94Mng g6)2AlC,
(Crp84Mng 16),GaC, and (Cryp;Mng3),GaC samples
determined from Bragg’s law and the XRD patterns
obtained herein are in good agreement with the values of
c=1282Aanda =2.86A [16] as well as ¢ = 12.63 A
anda = 2.90A [17] experimentally obtained for the end
members Cr,AlC and Cr,GaC, respectively. They are
also in good agreement with their respective theoretically
calculated values of 12.73 A [18] and 12.54 A.[19] It fol-
lows that the incorporation of Mn in these compounds
does not affect the c-lattice parameters. This is also in
agreement with recently synthesized (Crgg4Mny 16)2AlC
thin films which show that the c-lattice parameter remains
unchanged when Mn substitutes for Cr.[8]

Our observations are at odds with the claims that
the (103) peaks shift towards higher angles in a previous
report on the bulk synthesis of (Cr,Mn),GaC.[12] This
shift was used as evidence for Mn incorporation into the
MAX phase. However, without fixed reference peaks, the
reported shifts in between the samples with different ini-
tial powder ratios cannot be unambiguously ascribed as
originating from different MAX phase compositions, e.g.
minor height misalignment may also result in shifts in
the XRD scan. In addition, although shifted with respect
to pure Cr,GaC, the (103) peak position for the two dif-
ferent Cr:Mn ratios (in the initial powders) in Ref. [12]
is the same, in turn indicating the same level of Mn
incorporation; an observation that is not discussed by the
authors. For the closely related (Cr,Mn),GeC system, a
small non-linear dependence of the lattice parameters has
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been measured by Liu et al.,[14] however, not detected
in the study by Tao et al. [13] which resulted in values
identical to pure Cr,GeC.

Furthermore, theoretical calculations predict the
incorporation of at least 30 at% Mn into (Cr,Mn), AlC [7]
and 10 at% Mn was reported in thin film form.[9] As noted
above, the stability of Mn,GaC was theoretically pre-
dicted and very recently experimentally confirmed.[11]
Herein, the Mn solubility limits were 3 and 15 at%, in
the Al- and Ga-containing systems, respectively. The
differences between levels of Mn incorporation in the
thin films vs. the bulk samples can be explained by
the synthesis conditions. In contrast to bulk synthesis,
thin film growth is performed far from thermodynamic
equilibrium, which can result in enhanced solubility
limits. Moreover, epitaxial stabilization may allow real-
ization of materials and compositions not achieved by
bulk synthesis methods.[20,21] The formation of MAX
phases in thin film deposition can also be promoted,
over competing phases, by the choice of substrate
most often Al,03(0001) or MgO(111)—providing a
template corresponding to the MAX phase a-lattice
spacing.

It is important to point out that the measured Cr:Mn
ratios in the quaternary compounds deviate from their
ratios in the initial powder mixtures. For example, if all
the initial Mn were incorporated into the (Cr,Mn),AlC
compound, its concentration would have been 5at%
compared with the 3 at% observed. Similarly, if all the
initial Mn were incorporated into the (Cr,Mn),GaC com-
pound, its concentration would have been 25 at%, instead
of the 15 at% measured. Furthermore, no MAX phase
was formed when the Mn content in the initial pow-
der exceeded 25 at%, although the elemental powders
were mixed in ratios corresponding to the stoichiomet-
ric 211 phase. The deviation from the initial powder
composition may be explained by the thermodynamically
governed solubility limit, as well as the formation of com-
peting phases, primarily the inverse perovskites Mn; AC
(4 = Al, Ga) at higher Mn contents.[7,8,11,19] Obvi-
ously, the sample composition after synthesis cannot be
deduced from the initial power mixture; local elemental
analysis must be performed after synthesis to determine
the solubility limits.

In both the Cr—Mn—Al-C and Cr—Mn—Ga—C sys-
tems, the inverse perovskites, Mn3AlC and Mn3;GaC,
respectively, were experimentally observed, in agree-
ment with theoretical calculations.[7] In bulk synthesis,
elements can be mixed in exact stoichiometric ratios,
which for thin films often require optimization of the
growth conditions due to different atom sticking coef-
ficients that, in turn, depend on other factors such as,
e.g. substrate temperature. Therefore, the predicted and
actually observed competing phases in bulk and thin
film samples may differ due to possible deviations in
stoichiometry.
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3.4. Magnetism. Temperature-dependent suscepti-
bility measurements of bulk Cr,AlC and Cr,GaC have
concluded that they were Pauli paramagnets.[22] Accord-
ing to theoretical calculations, the magnetic ground states
of Cr,AlC [18] and Cr,GaC [19,23] are AFM. As noted
above, changes in the magnetic states upon incorpora-
tion of Mn were theoretically predicted and experimen-
tally confirmed in Mn,GaC,[11] (Cr,Mn),AlC,[8,9] and
(Cr,Mn),GeC thin films [10] and more recently in
bulk samples.[13,14] Various hypothetical configura-
tions of Cr—Mn ordering on the M-sublattice were
also theoretically investigated for (Cr,Mn),AlC [7] and
(Cr,Mn),GeC [10] resulting in FM states being predicted
to be either more stable or degenerate with the AFM
states.

Prior to the magnetic measurements, the
(Cr,Mn),GaC sample with Cr:Mn 1:1 in the initial pow-
der was treated with concentrated HCl in order to dissolve
the majority of impurity phases. Subsequent XRD analy-
sis, presented in Figure 4(b), combined with SEM-EDX
revealed the presence of C and a minor amount of
the Mn,Gas phase. No other impurity phases, such as
Mn;GaC, were detected.

Figure 6 presents the temperature dependence of
the specific magnetic moment determined by VSM
of the HCl treated (Cr,Mn),GaC sample in the
10370K range at a magnetic field of 0.05T. A rel-
atively large and abrupt change in magnetization is
observed at 153 K; a smaller change is observed at
38 K. Since neither of these temperatures correspond
to a magnetic transition temperature of any of known
magnetic phases in the Cr—Mn—Ga—C system, such
as Mn,Ga (690K),[24] Mn3Ga (743 K),[24] MngGas
(210K),[24] MnGag (420K),[25] MnGay (453 K),[25]
Mn,Gas (451 K),[25] Mn3Gas (63 K),[25] or Mn;Gag
(480 K),[25] it is reasonable to assume that (Cr,Mn),GaC
is a magnetic phase. This conclusion is further supported
by similar observations in the (Cr,Mn),GeC system very
recently reported by Tao et al.,[13] where transitions in
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Figure 6. Specific magnetic moment as a function of temper-
ature for the (Crp7Mng 3)2GaC sample, showing evidence for
magnetic transitions at 38 and 153 K.
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magnetization as a function of temperature were observed
at ~30 and 120-320K, the latter as a function of Mn
concentration. The behavior has been suggested to orig-
inate from phase separation into Mn-rich and Mn-poor
regions on the nanoscale, Mn-rich regions having an FM
component with a Curie temperature that depends on the
Mn content, and Mn-poor regions exhibiting a re-entrant
cluster glass transition at low temperature. As the investi-
gated sample contains a small fraction of Mn,Gas (Curie
temperature of 451 K),[25] the magnetic response may be
affected through an increased background signal, visible
in the 153-370K range. At this time it is not clear why
Lin et al. [12] did not observe a comparable signal.

VSM measurements of magnetization as a function
of applied magnetic field as well as temperature were also
performed on the synthesized HPed (Crg94Mng o) AIC
sample. However, no magnetic transitions in the temper-
ature range of 2-300 K or any FM response was detected,
which is consistent with the AFM state predicted for the
closely related Cr, AlC phase.

4. Conclusions In conclusion, we synthesized bulk
(Cr,Mn),AlIC and (Cr,Mn),GaC MAX phases. Using
EDX analysis we show that the maximum solubilities
of Mn in Cr,AlC and Cr,GaC are 3 and 15 at%, respec-
tively. The corresponding compositions are therefore
(CI‘()_94MH0.06)2A1C and (Cro'7Mn0,3)2GaC. This implies
that in the latter composition, roughly one-third of the
M-lattice sites are occupied by Mn atoms. XRD 6-20
analysis revealed no shift of the MAX phase peaks
upon Mn incorporation. VSM analysis of (Cr,Mn),GaC
indicates that the material may be magnetic.
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