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Superconductivity at 9.5 K in the Ti,GeC compound
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We report on the investigation of the Tip GeC properties by X-ray diffraction, magnetic and electrical resistivity measurements.
Polycrystalline samples of TiGeC with nominal compositions were prepared by solid state reaction. X-ray powder patterns
suggest that all peaks can be indexed with the hexagonal phase of Cr, AlC prototype. The temperature dependence of both
electrical resistivity and magnetization indicate a bulk type-II superconductivity at 9.5 K. Magnetoresistive data suggest an upper
critical field of B¢y ~ 8.1 T and coherence length ~ 61 A. Furthermore, the results highlight the highest critical temperature

reported up to now for an H-phase.
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1. Introduction

The M,,11AX,, (MAX) phases, where n =1 — 3,
are layered hexagonal compounds, in which near
close-packed layers of M early transition metals
are interleaved with the layers of group A element,
mostly ITIIA and IVA, with the X-atoms C and/or
N, filling the octahedral sites between the M layers.
Most of these phases were synthesized in powder
form in the 1960s by Nowotny [1]. Nowadays, it is
fairly well established that these phases have an un-
usual and sometimes unique combination of proper-
ties. [2—-16] They are elastically stiff, have relatively
low thermal expansion coefficients, and have good
thermal and electrical conductivities [2, 17]. They
are relatively soft, with Vickers hardness values of
2-8 GPa, easily machinable, thermal shock and da-
mage tolerant. Some are fatigue, creep, and oxida-
tion resistant [18]. At higher temperatures, they can
undergo a brittle-to-plastic transition [12]. Some
of them, such as Ti, AlIC, are exceptionally oxida-
tion resistant and are candidate materials for high
temperature structural applications [19]. Current in-
terest in the fabrication of MAX compounds has
been driven by initial reports, which indicate that
the properties are quite unusual and these materials
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may have a wide range of potential uses. In 1963,
Jeitschko et al. determined that Ti;GeC has a he-
xagonal crystal structure with a=3.079 A and ¢ =
12.93 A [20] and is a member of MAX family. In-
deed, Ti,GeC phase is a natural nanollaminate, con-
stituted of layered metal carbide [21]. The electronic
structure and the bonding properties of the layered
ternary carbide TioGeC have been investigated by
means of ab-initial linear combination of atomic or-
bital calculation [22]. The authors determined in that
calculus that the electrical conductivity of Ti;GeC
is metallic and anisotropic. The electronic structure
calculus suggests that the major factor governing the
electronic properties is the pd hybridization from Ti
3d and C 2p states. Furthermore, the calculations
suggest that Ge addition changes the C—Ti—C—Ti
covalent bond chain into a C—Ti—Ge—Ti—C bond
chain through its reaction with Ti. Within Ge la-
yers the atoms are bonded through sp hybridization.
Thus the structure of TioGeC can be considered as
two-dimensional close-packed Ge layer intercalated
between the layers of TigC octahedral [22].

So far, little work has been done regarding to the
superconducting properties of this family of com-
pounds, in particular the My AX compounds. Indeed,
in the last years Bortolozo ef al. have shown that it is
possible to induce superconductivity in this family
[23-25]. So, the principal goal of this paper is to
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Fig. 1. X-ray diffractogram for the Ti,GeC sample heat
treated at 1200 °C for 120 h. the peaks are in-
dexed by using a hexagonal symmetry Cr, AIC
prototype. Traces of metallic Ge can be found.

report on the superconducting behavior observed in
the TipGeC compound. The results obtained through
the electrical resistivity, magnetization and x-ray
diffraction measurements indicate that Ti»GeC is
another superconducting material belonging to the
large family of My AX compounds.

2. [Experimental procedure

TiGeC compounds were prepared using the
mixtures composed of appropriate amounts of high
purity graphite, Ti, and Ge powders. The mix-
ture was compacted into a hexagonal structure of
8 x 8 mm? and 2 mm in thickness, sealed in quartz
ampoules, and placed in a tubular furnace at 1000 °C
for 24 h under ambient pressure. After this heat treat-
ment, the samples were ground and homogenized
in agate mortar, compacted again into the same di-
mensions as before, and heat treated at 1200 °C for
120 h. Some samples were heat treated at a higher
temperature (1500 °C) in high vacuum for 30 minu-
tes, in order to study the effect of the temperature
on the formation of the Ti,GeC phase.

All the samples were characterized by x-ray
diffraction with a Shimadzu diffractometer (model
XRD 6000) using CuKa radiation and Ni filter. The
simulation of the structure and refinement of the lat-
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Fig. 2. Magnetization as a function of temperature for
the sample presented in Fig. 1. The ZFC and FC
regimes suggest superconducting behavior with
the onset critical temperature close to 9.5 K.

tice parameters were carried out using Powder Cell
software [26]. The simulation of the crystal struc-
ture was based on the literature data and the results
were compared with experimental diffractograms
[27].

The measurements of electrical resistance as a
function of temperature, R(T), were performed in
the temperature interval between 2.0 and 30 K, by
conventional four-point probe method with an equip-
ment of the Oxford Instruments (MagLab EXA-9 T).
Some R(T) curves were also determined under ap-
plied magnetic field in order to determine the field
dependence of the superconducting critical tempera-
ture. The measurements of magnetization as a func-
tion of temperature, M(T), were carried out with a
5 T SQUID magnetometer of the Quantum Design
using Field Cooling (FC) and Zero Field Cooling
(ZFC) procedures.

3. Results and discussion

Ti,GeC sample with a hexagonal structure, heat-
treated at 1200 °C for 120 h was examined using
XRD. Fig. 1 shows the diffraction pattern of the
Ti; GeC sample. The majority phase can be well in-
dexed in the structure with Cr, AIC prototype within
the experimental resolution of the diffractometer.
Some peaks can be also indexed as metallic germa-
nium. The Rietveld refinement results agree with a
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Fig. 3. SEM images for the sample annealed at 1500 °C
for 30 minutes. Two phases in equilibrium can
be clearly seen in the microstructure. The EDS
analysis reveals TioGeC (matrix phase) and Ti,C
(dark lobes).

hexagonal lattice, space group P63 /mmc with the
lattice parameters of a = 3.078 A and ¢ = 12.92 A.
These results are in good agreement with the data
reported by Jeitschko ef al. [20]. The magnetization
measurement of this sample showed a diamagnetic
signal below 9.5 K, as displayed in Fig. 2. This re-
sult strongly suggests superconductivity with the
onset temperature close to 9.5 K. However, the mag-
nitude of the diamagnetic signal is small, which
indicates that the superconductivity is not the bulk
effect. Indeed, the resistive behavior does not show
any superconducting signal down to 2.0 K. In order
to improve the superconducting volume fraction,
the sample was annealed at 1500 °C. The diffrac-
togram shows that the hexagonal phase is in equi-
librium with Ti;C (not shown). These results sug-
gest a decomposition of the hexagonal phase, but
it is difficult to identify which transformation oc-
curs at this temperature. The Ti,C compound is a
superconducting material which displays the super-
conducting critical temperature close to 3.1 K [23].
The phase equilibrium can be easily observed in
the microstructure analysis. Fig. 3 shows the ther-
modynamic equilibrium in the SEM micrograph
where two phases can be recognized as dark and
white grains. The white grains represent the matrix
phase in which the dark grains are distributed. The
EDS analysis of each grain revealed Ti,GeC (ma-
trix phase) and dark phase of Ti,C doped with Ge.
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Fig. 4. Magnetization measurements in zero-field (ZFC)
and field cooling (FC) procedures of the Ti,GeC
compound. A clear diamagnetic behavior be-
low 9.5 K is in agreement with the electrical
resistance measurement. The critical temperature
close to 9.5 K can be attributed to the ternary
phase and the second transition at 7.0 K — to the
contamination by Ti,C doped with Ge.

These results suggest that the Ti,C doped with Ge
could represent an intermediate phase between the
precursors and the ternary phase of interest.

In order to determine the superconducting beha-
vior of this material the measurement of magnetiza-
tion as a function of temperature was performed. A
plot of M(T) curve is shown in Fig. 4. It is possible
to observe a clear superconducting behavior due to
the diamagnetism signal in the Zero Field Cooled
(ZFC) and Field Cooled (FC) procedures. The su-
perconducting critical temperature of the material
is close to 9.5 K. Furthermore, a second magnetic
transition close to 7 K is observed. The plateau re-
gion of magnetic measurement between 7 K and
9 K corresponds to the flux penetration into the
grains. The intragranular peak is subtle (FC regime),
probably because the magnetic penetration (near the
critical temperature) is comparable to the grain size
(< 5 um). Based on the SEM results (Fig. 3) we can
attribute the first superconducting transition to the
ternary phase (majority phase) in accordance to the
results shown in the Fig. 2 and the second transition
to the contamination by Ti,C doped with Ge.

The sample annealed at 1500 °Cwas characteri-
zed by the electrical resistivity measurement as a
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Fig. 5. Electrical resistance as a function of temperature
from 2.0 up to 30 K for Ti,GeC sample. Su-
perconducting behavior can be observed below
9.5K.
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Fig. 6. B, vs T/T. behavior built from the points ex-
tracted from the inset in Fig. 3. The upper critical
field B., ~ 8.1 T is estimated by GL relation
revealing £ ~ 61 A at zero temperature.

function of temperature. The results shown in Fig. 5
indicate that the onset of critical superconducting
temperature is close to 9.5 K. The normal state re-
veals a typical metallic behavior between 10 and
30 K. The magnetoresistance behavior as a function
of temperature [R(T,B)] is displayed in the inset of
Fig. 5. In this inset one can see a progressive shift of
T, to lower temperatures with increasing B. The su-
perconducting critical temperature can be defined as
the normal state and transition extrapolations in the
R(T,B) curve as indicated in the inset of Fig. 5. In or-

der to build the B x T phase diagram, we have used
the data from R(T,B). The B x T phase diagram,
shown in Fig. 6, was plotted according to the criteria
explained above. Due to the anisotropic behavior of
the Ti,GeC grains we had expected that the WHH
theory is invalid [28]. Therefore we estimated the
upper critical field using the Ginzburg-Landau (GL)
theory [29, 30] (solid line), where

1_2
% =ch<0)<1+;) (1)

- 2m&X(T)
In equation (1), t = T/T is the reduced temperature.
Using this equation one can determine B,(0) as
approximately 8.1 T. This upper critical field value
yields a coherence length of £ ~ 64 A at zero tem-
perature.

The band structure calculations and several phy-
sical properties show strong anisotropic characteris-
tics. So, these materials can be considered as two-
dimensional.

Recently Bortolozo et al. [23] reported that
TiInC is also a superconducting material with a
critical temperature close to 3.1 K. The band struc-
ture calculations also revealed 2D — like behavior
with quasi-flat electronic bands along the ¢ axis [22].
The near-Fermi bands involved in the formation of
superconducting state are formed mainly by Ti 3d
states. On the other hand, in 1964, Jeitschko et al.
discovered the TipInN compound [31], which crys-
tallizes in the same prototype structure of carbide
(CrpAlIC). In this structure, the basic structural com-
ponent is an octahedron composed of six Ti atoms
with an N atom instead of carbon residing in the
center [31]. The electronic band structure of this
compound shows that the interactions in the TiN
octahedra are weaker than those in the TigN octahe-
dral, which is in agreement with the general trend
known for binary carbides and nitrides [32]. The
electronic structure calculations show that Ti,InC
has 3.67 states/(eV cell) at Fermi level (EFr), while
the TirInN has 4.02 states/(eV cell) at Eg [32]. It is
clear that the nitrogen atoms change the electronic
structure of this compound and increase the state
density at Fermi level. This characteristic band struc-
ture could probably affect the transport properties of
TioInN similar to its close relative — TiInC. Indeed,
in our previous work [25] on the electrical transport

Hy(T)
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in the TioInN compound we found the superconduct-
ing critical temperature close to 7.3 K. This result
represents the first evidence of superconductivity
in the nitride of this family. In comparison with
TioInC, the superconducting critical temperature of
the nitride compound is more than twice as high.
This represents a clear evidence for 2D, characte-
ristic in this class of materials. The nature of the
covalent bond in these two materials (TioInC and
TioInN) is unambiguously different, such as shown
in the electronic band calculations for both mate-
rials; therefore superconductivity appears to occur
in the M, X layer. Another important aspect is the
nature of the A element in the M, AX compounds.
The M, X layers in Ti;InC and Ti;GeC (this paper)
are the same. However, the A element is very im-
portant for superconductivity. The In and Ge belong
to different groups in the periodic table (In — to 3A
group and Ge — to the 4A group). Since Ge is more
electronegative, the number of electrons in the outer
shell is increased. Due to this fact it is plausible to
conclude that there is an increase in the density of
states at the Fermi level. This means that much more
states are available for occupation, which affects di-
rectly the superconducting critical temperature. The
results reported in this paper show unambiguously
that the element A can work as acceptor or donor of
electrons in this new superconducting family.

Perhaps a synthesis under high pressure could
produce a single phase sample due the complicated
phase equilibrium in this system. Finally, the su-
perconductivity observed in Ti,GeC represents the
highest critical temperature reported so far for a
compound of the nanolaminates family.

4. Conclusions

This work reports on a systematic study con-
cerning the electrical and magnetic behavior of the
Ti;GeC compound. The Ti,GeC compound with
the layered structure exhibits zero resistivity and
diamagnetism below 9.5 K. The A element is funda-
mental to the superconducting critical temperature.
The synthesis of a single phase sample is very com-
plicated but we speculate that synthesis under pres-
sure may produce a higher quality compounds than
the ambient pressure synthesis [2]. Furthermore, the

results revealed the highest critical temperature re-
ported so far for the nanolaminate compounds.
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