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Abstract

We report the magnetic and electronic properties of CaMnsBis, which has a structure based
on a triangular-bilayer of Mn, rather than the ThCrsSis structure commonly encountered for 122
compounds in intermetallic systems. CaMnyBis has an antiferromagnetic ground state, with a T
of 150 K, and for a 250 K temperature range above T does not exhibit Curie-Weiss behavior,
indicating the presence of strong magnetic correlations at high temperatures. Resistivity mea-
surements show that CaMnyBiy exhibits semiconducting properties at low temperatures, with an
energy gap of only 62 meV, indicating it to be a very narrow band gap semiconductor. The elec-
tronic structure of CaMnsBis, examined via ab-initio electronic structure calculations, indicates
that Mn 3d orbital hybridization is essential for the formation of the band gap, suggesting that

CaMnyBis may be a hybridization-gap semiconductor.



INTRODUCTION

Layered transition metal compounds are of continuing interest in materials physics, ex-
hibiting properties such as magnetism, superconductivity[l], charge density waves [2] and
extremely large magnetoresistance[3]. The discovery of superconductivity in layered Fe-Se
and Fe-As compounds[4-6] has revived interest in the layered Mn-pnictides. With the recent
discoveries of BaMn,Bis[7] and BaMnBiF[8] for example, Mn-Bi compounds have emerged
as interesting analogs to the Fe based superconductors; they are expected to have lower band
gaps and have easier accessible metallicity than other Mn pnictides due to the presence of
the Bi layers. Here we report the electronic and magnetic properties of single crystals of
hexagonal CaMnyBiy, which exhibits unusual magnetism and a small band gap, with semi-
conducting transport properties. Further, through electronic structure calculations, we show
that the hybridization of the Mn 3d orbital electronic states is important for imparting the
semiconducting properties. From this we infer that CaMn,Bi, is a candidate material for a
hybridization gap semiconductor, in which localized states (such as d or f states) hybridize

with a metallic band structure and form a band gap, such as in Ce3Bi Pt3[9] .

EXPERIMENTAL

CaMn,Bi, single crystals were grown using a Bi flux method[10]. Magnetic susceptibility,
resistivity, and temperature dependent hall and heat capacity measurements were taken on
single crystal samples using a Quantum Design Physical Properties Measurement System.
Single crystals of mass 42mg and 18mg were used for the susceptibility and heat capacity
measurements, respectively. A crystal cut into a bar of dimensions 1x1x2 mm was used for
transport measurements. Measurements of magnetization vs. applied magnetic field were
linear above the magnetic ordering transition to applied fields of poH = 1.0 Tesla, and thus
magnetic susceptibility is defined as y = M/H, where M is the measured magnetization in
that field. The field dependent Hall measurement was performed using a Keithley current
sourcemeter and voltmeter. The orientation of the crystals for the single crystal transport
and magnetic measurements was determined by single crystal x-ray diffraction. The natural
facets were shown to be the 011 and 201 crystal faces. All transport data were taken within

the (011) plane. The more intuitive [001] and [100] crystallographic directions could not be
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measured due to a lack of well defined facets corresponding to those directions.

Neutron powder diffraction (NPD) data were collected at the NIST Center for Neutron
Research on the high resolution powder neutron diffractometer for various temperatures
from 5 K to 295 K to elucidate the possible magnetic and crystal structure transitions. The
temperature dependence of the peak intensity at the (100) magnetic reflection was monitored
on warming to characterize the magnetic transition[11].

Electronic structure calculations were performed in the framework of density functional
theory using the Wien2k code [12] with a full-potential linearized augmented plane-wave
and local orbitals basis together with the Perdew-Burke-Ernzerhof parameterization of the
generalized gradient approximation [13]. The plane wave cutoff parameter Ry;7K; 4. was set
to 7 and the Brilloun zone (BZ) was sampled by 2000 k-points. LDA+U calculations were
also performed, with U.;;=U-J. Spin orbit coupling was included. The calculations were all

performed with spin-polarization, using the experimental antiferromagnetic configuration.

RESULTS AND DISCUSSION

CaMnyBis has a hexagonal structure (Figure 1a)[14], related to the ThCrySiy structure
found for the iron arsenide superconductors, as it is composed of layers of Metal-Pnictide
tetrahedra separated by alkaline earth layers. The primary difference is in the geometry of
the transition metal layers - in CaMnyBiy, the Mn-bilayer can be considered as a puckered
Mn honeycomb, while in ThCr,Sis-type compounds such as BaFe,As,, the Fe plane is a
simple square net.

The temperature dependent magnetic susceptibility for CaMnyBiy between 5 and 400 K is
shown in Figure 1(b). The susceptibility is almost temperature independent in the 400 150
K temperature range, with a broad weak peak that appears to be centered around 300K. The
susceptibility decreases quickly after a distinct change in slope on cooling below 150K due to
the presence of a magnetic phase transition, as confirmed by further measurements. Upon
further cooling, the susceptibility levels off and then increases again at low temperatures.
The low temperature increase is possibly due the presence of paramagnetic impurities (such
as Mn?* ions occurring as defects); the low temperature behavior was sample dependent,
while the higher temperature behavior was consistent across all samples. However the low

temperature behavior being intrinsic cannot be completely ruled out. Figure 1(b) inset shows
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the magnetization versus applied field (MH) curves at 30K, 200K and 300K. The 300K and
200K curves are linear for the whole field range up to 9 T. The 30K curve, however, which
is well below the magnetic ordering transition temperature, shows a slight field dependence,
indicating that there may be some field induced spin canting or other mechanism disturbing
the spontaneously ordered Mn moments in applied fields in the 2 Tesla or greater range.

Figure 2(a) shows the observed powder neutron diffraction pattern of CaMnyBisy at 5 K.
The fitted curve includes both the refined crystal structure and magnetic structure models,
indicating that both are well understood. The counts for the (100) diffraction peak, which
is a magnetic diffraction peak, as a function of temperature, are shown in figure 3(a-inset).
This shows that the three-dimensional magnetic ordering begins at 154 K, consistent with
the magnetic susceptibility measurements. The ordering transition follows a typical mean
field behavior, with 12 going as (Ty-T.) The 100 peak is shown to grow into the diffraction
pattern in Figure 2(b).

The magnetic ground state is antiferromagnetic (AFM), as shown in Figure 2(c), with an
ordered Mn moment at 5 K of 3.85u5, which is similar to that found in related systems [15—
17]. The arrangement of Mn (or the magnetic structure) can be described using a Shubnikov
magnetic space group of P-1" with opposite magnetic moments alternating between the
nearest neighboring Mn atoms.The nearest neighbor Mn atoms in the bilayer have opposing
spins; when considered as a puckered Mn honeycomb lattice, this alternating spin orientation
ordering is a typical Neel state for honeycombs. Considered as Mn ”bilayers”, the coupling
between neighboring bilayers is ferromagnetic, resulting in the magnetic unit cell being the
same size as the nonmagnetic cell (though with a magnetic symmetry that allows the 100
reflection). This is the same type of antiferromagnetic ordering observed in similar systems
such as CaMnyShy and BaMnyBiy[15, 16], i.e. nearest neighbor Mn atoms in-plane having
opposite spins.

The phase transition at around 150K was further studied by heat capacity measurements
(Figure 2(d)). These measurements show a well-defined peak at around 150 K; no further
phase transitions were observed in the 2-300K temperature range. While the Ty as derived
from the neutron scattering appears to be higher than the temperature of the peak in
the heat capacity, it is consistent with when the heat capacity appears to diverge from
expected behavior; the Ty is labelled on the figure. However, as there is no good non-

magnetic structural analogue for CaMnyBi,, the phonon contribution to the specific heat
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cannot be rigorously subtracted. The fact that the susceptibility in such a highly magnetic
system is approximately temperature independent between 150 and 400 K, a range of about
250K above the AFM ordering temperature, implies that local AFM correlations are very
strong well above T ; the magnetic moments are very likely short range ordered for a very
wide range of temperature above Ty. In fact, the susceptibility bears some resemblance
to a model of itinerant spin density wave (SDW) magnetism with a very small density of
states[18]. Future work, including measuring other crystallographic directions, may reveal
the nature of the magnetic behavior above T .

To further characterize the properties of CaMnyBi,, resistivity and Hall effect measure-
ments were performed. Figure 3(a) shows the resistivity behavior of a representative single
crystal sample of CaMnyBiy. CaMnyBis crystals consistently exhibit ”"metallic” resistivity
(resistivity that decreases with decreasing temperature) behavior between about 300K and
70K, with a kink at 150K due to the AFM transition. Below about 70K, the resistivity
shows activated behavior, and then levels off at a maximum value that is sample dependent.
This leveling off of the resistivity could be due to either impurity or surface state conduction
(see below).

The field and temperature dependent Hall resistivity curves for the samples in figure 3(a)
are shown in Figure 3(b). The curves show p-type behavior and are linear in field through
a large temperature range. Below about 40 K, however, the Hall resistivity vs. applied field
curves become highly nonlinear, an indication of the presence of two carrier types. At low
temperatures, consistent with the leveling off of the resistivity, the hall resistivity becomes
linear again, and very small.

In order to understand the higher temperature "metallic” behavior of CaMnyBi,, the
temperature dependence of the resistivity and Hall resistivity were taken for another rep-
resentative sample. The log resistivity vs. 1/T plot for this sample is shown in Figure 4
(upper panel). This figure shows the development of activated behavior, With%: 11meV in
the 20-50K temperature range. In contrast with the resistivity, the Hall resistivity (Figure
4a, lower panel) shows activated behavior over the entire temperature range and does not
change much through the AFM transition. This suggests that the AFM transition does
not substantially affect the carrier concentration or Fermi surface, but instead primarily
changes the carrier mobility likely due to decreased magnetic scattering. This indicates that

the transport behavior is in the activated regime and that CaMnyBis is semiconducting at



all temperatures investigated, and that the "metallic” like resistivity is due to a strongly

temperature dependent mobility rather than actual metallic behavior.

The log Ry vs. 1/T plot is shown in the inset. Two regimes are observed, at high and low
temperatures, with different activation energies. The low temperature activation energy is
consistent with the one derived from the resistivity. The high temperature activation energy
is larger, however, and likely related to the intrinsic band gap of the material. From the
resistivity and hall data, the nominal hall mobility was calculated from 300K to 40K (Figure
4b; lower panel inset), assuming one carrier type. (Because the Hall response becomes
nonlinear below about 40K, data is not shown below that temperature.) While there are
likely both holes and electrons present even in the higher temperature regime, this data
was used as an approximation, in order to understand the temperature dependence of the
resistivity. The analysis shows that the nominal mobility increases upon cooling. A kink in
the mobility is seen at the AFM transition. The mobility then increases dramatically before
leveling off in the 40-50 K regime. CaMnyBi, therefore shows activated behavior throughout
the entire temperature range; the "metallic” conductivity at high temperature is due to an
increase in carrier mobility with temperature that is a stronger effect than the decrease in
carrier concentration with temperature. A fit to the low temperature heat capacity (Figure
4c) gives a Sommerfield coefficient « within error of 0, confirming the presence of very
few charge carriers in the system at low temperatures. The low temperature resistivity
and activation energy are both significantly smaller than the closest analogous compounds,
CaMnsSbhy and BaMnyBis[19, 20]. The resistivity is also consistent with the heat capacity;
a large peak in the temperature derivative of the resistivity is seen near Ty (Figure 4d);
again Ty is consistent with where the derivative begins to diverge from expected behavior.
We note that the derivative of X(T)*T with respect to T shows a similar temperature
dependence. However, due to very the small variation in X(T) in the 150-300K region, this

derivative is noisy and is not shown.

In order to understand the semiconducting behavior of CaMnsyBis, electronic structure
calculations were performed that included the experimentally determined AFM ordered state
of the Mn. The electronic band structure is shown in Figure 6(a), with the contributions of
the Mn and Bi states plotted heavier (left to right, respectively). The calculations show that
the conduction band near Ep consists primarily of relatively non-dispersive Mn 3d states,

with one dispersive Bi(s)-Mn(s) hybrid band cutting through them to the bottom of the
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conduction band. The Bi(s)-Mn(s) band refers to the fact that this band derives mainly
from both Mn s and Bi s orbitals, indicating that the unoccupied Mn s states are strongly
hybridized with the occupied Bi s orbitals. In contrast, the valence bands are composed of
Mn (3d) -Bi(p) hybrid states. This calculation show a slight energy overlap between the
valence band and conduction band states due to the usual DFT underestimation of the band
gap, but the distinction between valance band and conduction band states is clear.

Figure 6(b) shows the calculated spin up density of states (DOS). (The spin down density
of states is the same, with the Mn(1) and Mn(2) labels switched.) The DOS shows that
essentially localized AFM ordered Mn d electron states - the E vs. k behavior shows that
bands are only weakly dispersive - are found just above Er and also at about 3 eV below Ef.
There is also significant Mn d contribution in the valence band below Eg, from both spin up
and spin down Mn atoms, at energies from 0 to -3 eV with respect to Ep. This second Mn
contribution to the DOS in the valence band is representative of delocalized electrons, and
the degeneracy of the Mn(1) and Mn(2) contributions means they are not impacted by the
AFM ordering; the strongly hybridized Mn d states in the valence band are an important
and large contribution. The calculated moment per Mn is 4.13 up per Mn, which is very
close to the observed ordered value. Thus both the experiment and the calculation imply
that approximately one d electron per Mn atom is delocalized and hybridized with the Bi p
states in the valence band, while the others are localized, giving rise to the observed large
magnetic moment.

To illustrate what we propose is the overall electronic picture for CaMnyBis, a cartoon
schematic of its calculated electronic structure is shown in Figure 6(a). In order to un-
derstand the importance of the Mn d orbital hybridization on this electronic structure,
additional calculations were performed with volume expanded and volume contracted lat-
tices (Fig 6(b)). Upon lattice compression, the gap between the valence band and the Bi-Mn
s hybrid band above Er becomes larger, while the indirect gap between the Mn d states in
the conduction band and the valence band becomes very slightly smaller. Conversely, upon
lattice expansion, the gap between the valence band and the Bi-Mn s derived conduction
band decreases, even going through a metallic state at V=1.1V,. This is contrary to the
normal behavior of materials, where compression of cell volumes increases the electronic
hybridization and therefore decreases band gaps; here the opposite is found.

Similarly anomalous results were obtained by adding a coulomb repulsion term ”U” to
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the Mn 3d states in the calculation. Under normal circumstances the addition of the U
term is expected to push d electron states away from Er and prevent hybridization. Adding
a U term in this case does indeed have the effect of moving the 3d states away from Eg
but also, in contrast, it closes the gap between the top of the valence band and the Bi-
Mn s band above Ep. By U= T7eV, a zero band gap state is calculated. That the
calculated lattice expansion and coulomb repulsion effects are similar indicates that it is the
hybridization of the Mn 3d orbitals that results in the very small band gap in CaMn,Bi,.
The calculations imply that the hybridization of the Mn 3d states is actually required to
make the compound semiconducting, as there is no gap when the hybridization is turned
off, either by "U” or by lattice expansion. This behavior is not expected for the usual
semiconductor, but this exact mechanism of hybridization of localized states giving rise to a
band gap is the proposed mechanism for all hybridization gap insulators, such as Ce based
compounds like Ce3BisPt3[9] and for the Fe 3d based compound FeSi[21, 22]. Given this, we
infer that CaMnyBi, can be classified as an excellent candidate of a correlated hybridization
gap semiconductor. The fact that strong Mn 3d-pnictide hybridization helps to open a band
gap in this material may provide a generic reason why Mn pnictides tend to be insulators,

while Fe pnictides tend to be metals or semi-metals.

CONCLUSIONS

We report the magnetic and electronic properties of hexagonal layered CaMnyBiy. This
material was found to display antiferromagnetic ordering with a Tx of 150 K along with
strong antiferromagnetic suppression of the susceptibility, implying low dimensional anti-
ferromagnetic ordering, for a temperature range of at least 250 K above T . Furthermore,
CaMnyBiy is a narrow gap semiconductor, with a strong temperature dependence of the
nominal hall mobility which leads to an apparent metallic resistivity. The high tempera-
ture transport gap is 62 meV while the low temperature gap is only around 12 meV. Band
structure calculations indicate that Mn 3d orbital hybridization is key to opening the band
gap, and that localized or quasi-localized Mn 3d orbitals dominate the conduction band just
above Ep. We thus infer that CaMnyBi, is a correlated, antiferromagnetic, hybridization
gap semiconductor. Further study into this or similar systems may elucidate the relationship

between the correlated antiferromagnetic state of Mn and Fe pnictides and the supercon-



ductivity observed in Fe-As and Fe-Se compounds.
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