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We report the growth of high-quality single crystals of ThCraSis-type tetragonal BaMn2P2 and
investigation of its structural, electrical transport, thermal and magnetic properties. Our results
of basal plane electrical resistivity and heat capacity measurements show that the compound has
an insulating ground state with a small band gap. Anisotropic susceptibility xap,.(7) data in-
fer a collinear local-moment Néel-type antiferromagnetic (AFM) ground state below the ordering
temperature T = 795(15) K, which is highest among all the ThCr2Siz- and CaAlsSis-type 122-
pnictide compounds reported so far suggesting that the strength of magnetic exchange interactions
is strongest in this material. The magnetic transition temperatures of BaMnaPny (Pn = P, As, Sb,
Bi) compounds exhibit a monotonic decrease with the increase of tetragonal unit cell parameters a
and ¢, suggesting a strong dependence of the strength of the decisive magnetic exchange interactions
on the separation between the localized spins residing on the Mn-ions. The observed monotonic in-
crease of both xq» and x. for T' > T suggests that short-range dynamic quasi-two dimensional
AFM correlations persist above the Tnx up to the highest temperature of the measurements. The
large T of BaMn2P2 demands for systematic hole-doping studies on this material as similar inves-
tigations on related BaMnsAse with T = 618 K have led to the discovery of an outstanding ground
state where AFM of localized Mn-spins and itinerant half-metallic ferromagnetism with T, &~ 100 K
originating from the doped holes coexist together.

PACS numbers:

INTRODUCTION

The search for new transition metals-based supercon-
ductors and their probable parent compounds got intensi-
fied after the discovery of high-temperature (high-T¢) su-
perconductivity (SC) in iron-based layered pnictides and
chalcogenides [1-5]. Specifically, after the discovery of
SC in doped-BaFesAss, significant efforts were put into
the investigations of ThCroSis-type 122-tetragonal sys-
tems that crystallize with space group I4/mmm. The
investigations carried out so far suggest that iron is an
essential ingredient for achieving high-T, SC within this
family of compounds. On the other hand, exploratory
efforts on related systems where in place of iron some
other 3d or 4d transition metal ions constitute the metal-
pnictide sublattice have led to quite interesting outcomes
and ground states such as prototypical half-metallic be-
havior [6-8] spin-liquid phase embedded with antiferro-
magnetic (AFM) and ferromagnetic (FM) fluctuations
[9-11], highly frustrated itinerant magnetism [12], low-
temperature SC [13-16], discovery of new layered mag-
netic phases [17], large negative magnetoresistance (MR)
and Anderson localization [18-20] to name a few.

Among the 122-type materials, Mn-based AMnsPnq
(A = Ca, Sr, Baand Pn = P, As, Sb, Bi) semiconducting
compounds have received special attention. Irrespective
of the type of pnictide ion present, the Ca- and Sr-based
AMns Pny materials crystallize in CaAlsSis-type trigo-
nal structure with space group P3m1 while the Ba-based

compounds crystallize in ThCr,Sis-type tetragonal struc-
ture, suggesting that alkaline earth metals are the con-
trolling factor for establishment of the ground state crys-
tal structure in these systems. Further, pnictide atoms
control the unit cell dimensions, hence, the separation
between magnetic Mn-ions [21, 22]. As a result, with
two accessible composition-based tunable control param-
eters, these systems offer immense opportunities for the
investigation of structure-interactions-property relation-
ship.

Specifically, small band gap semiconducting
BaMny Pno compounds with stacked-square-lattice of
Mn ions undergo G-type AFM ordering with Néel tem-
perature Tn considerably higher than room temperature
(Table I). Interestingly, the most well-studied member
of this family, BaMnsAss, undergoes insulator-to-metal
transition by a small amount (< 2%) of hole-doping [23]
or by the application of moderate ~ 6 GPa pressure
[24]. Unlike the related itinerant AFM spin-density wave
compound BaFesAsy, where hole-doping leads to the
formation of SC ground state [3-5], the higher levels of
hole-doping (2 40%) results in stimulating prototype
half-metallic behavior in BaMngAs, [6-8].

In contrast to the thoroughly investigated As-,Sb- and
Bi-based counterparts [25-28], limited amount of experi-
mental work has been reported on BaMnyPs. About two
decades ago, Brock et al. performed magnetic suscepti-
bility and neutron diffraction studies on a polycrystalline
sample of BaMnyPo and suggested that the material is a
high-spin G-type antiferromagnet where Mn-spins carry



a moment of 4.2(1) up and Tx > 750 K [29, 30]. Af-
ter their work, there was no further attempt to investi-
gate the properties of this material. In this paper we
report the single crystal growth as well as structural,
electronic, magnetic, and thermal properties of BaMnsPo
and attempt to establish structure-property relationship
within insulating BaMns Pne compounds. We show that
the value of Ty in BaMnyPs is highest among the 122-
pnictide compounds. Additionally, our results also estab-
lish a strong correlation of the value of Ty on intralayer
as well as interlayer distance between the Mn-ions.

EXPERIMENTAL DETAILS

Single crystals of BaMnsPs were grown using solution
growth technique in Sn flux using high purity starting
elements Ba (99.99%), Mn (99.98%), P (99.999%) and
Sn (99.999%) weighed in the molar ratio Ba:Mn:P:Sn =
1:2:2:45. The required amounts of the pure elements were
placed in an alumina crucible and sealed inside a quartz
tube under a partial Ar pressure of about 0.25 atm. The
sealed tube was placed in a furnace and heated from room
temperature to 400 °C in 10 h and held at this tem-
perature for 30 h. The assembly was further heated to
1180 °C in 25 h and maintained at this temperature for
40 h. Further, it was slow-cooled to 700 °C in 130 h.
At this temperature, the Sn flux was decanted [31] using
a centrifuge and shiny plate-like crystals of BaMnyPg of
typical size of 2 x 2 x 0.5 mm?® were obtained. Room
temperature powder x-ray diffraction (XRD) measure-
ment was performed on a few small crushed crystals of
BaMnsPs using a Bruker D8 Advance Powder Diffrac-
tometer equipped with a Cu-K,, radiation source. Two-
phase Rietveld refinement was performed using the Full-
PROF package [32].

Temperature T dependence of heat capacity C, as
well as four-probe basal ab-plane electrical resistivity
pap Mmeasurements were done using a Physical Proper-
ties Measurement System (PPMS) of Quantum Design
Inc. (QDI), USA. Single component silver-filled epoxy
was used for making electrical contacts of platinum wires
on the single crystal for electrical measurements. Tem-
perature dependence of anisotropic magnetic suscepti-
bilities Xapb,c(T') were measured using two different op-
tions: for 2 K < T < 350 K using a SQUID-Magnetic
Properties Measurement System (MPMS) of QDI and for
350 K< T < 850 K using the high-temperature Vibrat-
ing Sample Magnetometer (VSM) Option of a PPMS.
Isothermal magnetization M versus applied field H at
five different temperatures were measured using MPMS.
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FIG. 1: Room temperature powder x-ray diffraction data col-
lected on Sn-grown crushed crystals of BaMnsP2, two-phase
Rietveld refinement profile, difference profile and Bragg posi-
tions of BaMn2P2 as well as adventitious Sn. Inset: scanning
electron microscope image of a crystal of BaMn,Ps.

RESULTS

A. Crystal structure

The powder XRD data collected on a few crushed crys-
tals of BaMnsPs along with the two-phase Rietveld re-
finement fit, difference profile and Bragg positions are
shown in the Fig. 1. The two-phase Rietveld refinement
was performed to include the reflections originating from
the small amount of adventitious Sn flux remaining on
the surface of the small crystals that were crushed to
powder. The fitted values of the tetragonal lattice pa-
rameters a, ¢ and the c-axis phosphorus position param-
eter zp of BaMnyP, are listed in Table I along with the
corresponding parameters of BaMnyAsy, BaMnyShe, and
BaMnyBiy. Figure 2(a) and (b) show the variation of
the lattice parameters a and ¢, respectively, of the four
BaMns Pno compounds with the type of pnictogen atom
present in the unit cell. The results highlight a nearly lin-
ear increase in @ and ¢ as we go down in the group from P
to Bi. Due to the linear variation in the lattice parame-
ters, the ¢/a ratio of these materials stay nearly constant
at a value of 3.25(2) (Table I). In contrast to the large
variation of the a and ¢ parameters, the distance between
adjacent pnictogen layers dp,,— p, = ¢(1—2zp,,) does not
show any noteworthy dependence on the type of pnicto-
gen present in the lattice and exhibits a nonmonotonic
behavior with a mean value of 3.81(8) A [Fig. 2(c)]. It is
also important to highlight here that the intralayer dis-
tances between nearest (NN)- and next-nearest-neighbor
(NNN) Mn-spins are a/v/2 and a, respectively, while the
interlayer distance between the two adjacent Mn-spins
along the c-axis is ¢/2.
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FIG. 2: Variation of tetragonal lattice parameters (a) a (b) ¢, and (c) the distance between adjacent pnictogen layers dpn—pn
in BaMn2Pno (Pn = P, As, Sb, Bi) with the type of pnictide ion present in the unit cell.

TABLE I: Structural and physical properties parameters of BaMna Pna (Pn = P, As, Sb, Bi). All four compounds crystallize in
ThCrzSis-type tetragonal structure with space group I4/mmm (SG: 221). The listed crystallographic parameters are the unit
cell parameters a, ¢, ¢/a, zpn, and the distance between two nearest inter-layer pnictogen atoms dpn—prn. The listed physical
properties parameters are Néel temperature Tn, Sommerfeld coefficient ~y, coefficent 5 and § of lattice heat capacity, Debye
temperature ©p, and band gap A obtained from the resistivity measurements.

Parameter BaMnsPo BaMnoAss BaMnsSbo BaMnsBis
(This work) Ref. [25] Ref. [26] Ref. [27]

Structure Parameters

a(A) 4.0381(1) 4.1686(4) 4.397(4) 4.4902(3)

c(A) 13.0653(3) 13.473(3) 14.33(2) 14.687(1)

c/a 3.2355(2) 3.232(1) 3.259(8) 3.2709(5)

ZPn 0.3568(2) 0.3615(3) 0.3642(1) 0.3692(3)

dpn—pn(A) 3.742(5) 3.732(9) 3.89(1) 3.84(1)

Property Parameters

T~ (K) 795(15) 618(3) 450(10) 387.2(4)

v (mJ/mol K?) 0.9(9) 0.0(4) 0.02(4) 0

B (mJ/mol K) 0.23(3) 0.65(3) 0.680(3) 0.434(3)

§ (mJ/mol K6) 0.0027(1) 0 0 0

©p (K) 348(17) 246(4) 202(1) 165

A (meV) 24(2) 27 & 6.5 160 & 18 -

B. Electrical Transport

Figure 3 shows the ab-plane electrical resistivity pap
of a single crystal of BaMnsPy versus T for two differ-
ent applied fields poH = 0 and 7 T. The pup(T) stays
nearly constant and exhibits a small increase of about
10% with decreasing T' from 300 K to ~ 130 K [Inset(a),
Fig. 3]. However, there is a sharp rise in the pq,(T") values
below 130 K where it shows a four fold increase and be-
comes non-measurable with the PPMS electronics below
~ 70 K. This observation clearly suggests that similar to
the As-, Sb- and Bi-based analogs BaMnsPs has an insu-
lating ground state. Additionally, p.(T") data collected
at poH = 0 and 7 T overlap with each other in the entire
T range of measurement. This observation suggests that

woH < 7 T does not have any measurable effect on the
interactions and scatterings that dominate the electrical
transport within the ab-plane of this compound, leading
to negligible magnetoresistance. The pq,(T') data below
< 100 K show feature of activated transport [Inset(b),
Fig. 3] and were fitted using

A

Inpa(T) = A+ 7oz,

(1)

where A is a constant, A is activation energy of the band
gap and kp is Boltzmann constant. The fitted value of
A = 24(2) meV suggesting it to be a small band gap
material. This value is similar to the values reported on
a polycrystalline sample of BaMnsPs [30] as well as single
crystals of BaMngAsy and BaMnaShy (Table I).
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FIG. 3: Electrical resistivity p.» versus temperature 7' of
BaMn2P2 measured at two different applied magnetic fields
woH = 0 and 7 T. Insets (a) pas(T") for 100 < T < 300 K
and (b) Inpes versus 71! along with a linear fit performed for
2KST <95 K.

C. Heat Capacity

The heat capacity at constant pressure C, versus T’
data of BaMnyPy do not show evidence of any phase
transition below room temperature and attain a value of
122.7 J/mol K2 at 291 K (Fig. 4). This value is close
to the Dulong-Petit high-7" limit of lattice heat capac-
ity at constant volume given by Cy = 3nR = 15R =
124.7 J/mol K2, where n = 5 is the number of atoms
per unit cell and R is the gas constant. Attempt to fit
the Cp,(T) data using Debye model of acoustic phonons
[33, 34] led to a poor agreement especially at interme-
diate temperatures. This observation is not surprising
as Debye model works well both at low temperatures
(I' < ©p) where it predicts a T3 dependence of Cy
and at high temperatures (T' 2 ©p) where it leads to
the Dulong-Petit limit. Here ©p is Debye temperature
of the material under consideration. However, the model
often becomes inconsistent with the experimental results
at intermediate temperatures. Often for materials with
high ©p one gets a significantly improved fit by incorpo-
rating a weighted Einstein single-frequency contribution
to the Debye model as in;

C'p (T) = UCV Debye(T) + (1 - U)CV Einstein(T)7 (2)

where Cv pebye(T) and Cvy ginstein(I') are the Debye and
Einstein contributions, respectively, and w is fraction of
the Debye contribution to the lattice heat capacity [34].
We got a good agreement to the C,(T") data using Eq. 2
and the fitted value of u, ©®p and Einstein temperature
O were 0.324(6), 498(4) and 118(1) K, respectively (Ta-
ble I). As expected, the fitted value of the Op is higher
than room temperature.
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FIG. 4: Heat capacity C}, versus temperature 7' along with
the Debye-Einstein fit as described in the text. Inset: Cp/T
versus T2 data for T < 10 K along with the fit as described
in the text.

The low temperature C,,(T) data were fitted using,
Cp/T =~ + BT? 4 6T, (3)

where v is the Sommerfeld electronic heat capacity co-
efficient while 8 and § are the coefficients of low tem-
perature lattice contributions. We obtained a good fit
to the low-temperature C,(T") data using Eq. 3 [In-
set, Fig. 4] and the fitted values of the parameters are;
v = 0.9(9) mJ/mol K2, 8 = 0.23(3) mJ/mol K* and
§ = 0.0027(1) mJ/mol Kb. As expected for a material
with insulating ground state, the v is nearly zero indi-
cating absence of density of states at Fermi level Er at
low temperatures. The low-T" Op calculated from the
value of 8 using Op = (127*Rn/56)"/3 = 348(17) K is
significantly higher than those reported for As-, Sb- and
Bi-counterparts (Table I).

D. Magnetism

Temperature dependence of the magnetic susceptibili-
ties xap (H || ab-plane) and x. (H || c-axis) of a crystal
of BaMnyPgy measured at poH = 3 T are shown in Fig. 5.
The x(T) data taken using a SQUID magnetometer for
T < 400 K and those collected using a PPMS-VSM for
T > 350 K connect nearly smoothly, leaving a minor kink
at 350 K that likely arises due to slight variation in the
orientations of the crystal relative to H when mounted
on two different set-ups. The SQUID data are shown
up to 350 K for clarity of the figure. The observed T-
dependence of the anisotropic xq»,. data suggests that
similar to the As-, Sb-, and Bi-based analog compounds,
BaMnsPs has a collinear AFM ordering where the local-
ized spins are oriented along the c-axis of the tetragonal
unit cell. The T = 795(15) K deduced from the xap..(7')
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FIG. 5: Anisotropic magnetic susceptibilities Xab,e = M/H
versus temperature 1" of BaMn2 P2 measured using a SQUID-
magnetometer at poH = 3 T for T' < 350 K, determined from
high-field slopes of the isothermal magnetization measure-
ments and measured using a vibrating sample magnetometer
for T' > 350 K.

data is considerably higher than that observed in the
other three materials, suggesting the presence of com-
paratively stronger magnetic interactions in BaMnyPs.
Further, the xup.(T) data show a monotonic increase
above Tx suggesting the persistence of dynamic short-
range quasi-two dimensional AFM correlations above the
ordering temperature, a behavior which was earlier ob-
served in the other three compounds discussed above.
The results show that Ty of BaMnsPng (Pn = P, As,
Sb, Bi) exhibits a monotonic decrease with increase in
the tetragonal unit cell parameters a and ¢ [Figs. 6(a)
and (b)]. This observation infers the progressive weak-
ening of the magnetic interactions operating between the
localized Mn-spins with increase of the separation be-
tween them. While moving from BaMnsPs to BaMnyBis
we observe nearly 50% reduction in Ty by approximately
12% increase in the @ and ¢ (Table I). Our observations
also clearly demonstrate that the Ty values do not have
any direct correlation with the dp,,— p,, in these materials
[Fig. 6(c)].

Isothermal magnetization M of a single crystal of
BaMnsPs versus applied magnetic field H for two ori-
entations of the applied field H || ab-plane and H || ¢
axis are shown in Figs. 7(a) and 7(b), respectively. As
expected for a local-moment AFM system below its or-
dering temperature, the M is proportional to H for both
orientations of the applied field for T < 300 K. The
slight non-linearity in the My,(H) data at 2 K indicates
the presence a very small amount of saturable param-
agnetic or FM impurities in the crystal. The same was
inferred by the small upturn observed in the yq,(7") below
~ 10 K (Fig. 5). Evidently the effect of these impuri-

ties is almost negligible in the T-range of our measure-
ments. However, we still attempted to get the intrinsic
susceptibilities at low temperatures from the high-field
puoH > 4 T slopes of the M (H) data as shown by the
solid symbols in Fig. 5. This observation confirms that
the minor upturn in x.(7) below ~ 10 K is indeed due
to the presence of trace saturable impurities.

DISCUSSION

Electrical transport measurements infer an insulat-
ing ground state in BaMnyPs with activation energy
A = 24(2) meV. Similar observations were earlier made
on BaMnyAsy and BaMnyShy (Table I). The pqp(T') of
BaMnsPs decreases exponentially with the increase of T'
until ~ 130 K and then remains nearly 7T-independent
up to ~ 200 K beyond which it decreases slightly with
increase of T'. This crossover indicates that similar to
the As- and Sb-based analogs there is a possibility of the
existence of more than one activation energies likely asso-
ciated with different zones of the electronic bands domi-
nating the electrical transport in different 7" regions. The
Cp(T) data lead to v = 0.9(9) mJ/mol K? corroborating
the outcome of the electrical transport measurement and
infer an insulating ground state in BaMnsPs. The ©p
of BaMns Pns compounds decreases rapidly with the in-
crease in atomic number of pnictide atom present in the
lattice (Table I) inferring that the higher energy modes
get enhanced with the inclusion of lighter elements in the
lattice.

The insulating ground state of BaMna P2 confirms that,
similar to other BaMngPngy compounds, the underlying
magnetism in this material is constituted by the local-
ized spins residing on Mn-ions. The anisotropic xap,c(1')
of BaMnyP5 clearly show the existence of a collinear
AFM with the magnetic easy-axis parallel to the tetrag-
onal c-axis and Ty = 795(15) K. The observed Ty
in BaMnyPs is highest among all the ThCrySis- and
CaAlsSis-type 122-pnictide compounds reported so far
suggesting that the strength of magnetic exchange in-
teractions is strongest in this material. The magnetic
interactions within BaMnsAso and BaMnsSby have been
successfully explained using J;-J2-J,. Heisenberg model
of stacked-square lattice, where J; and Jo are the NN
and NNN intralayer exchange interactions, respectively,
and J. in the interlayer interaction acting along the c-axis
[35]. The similarity of the xqp..(T") data of BaMnyPy with
those of the As-, Sb- and Bi-analogs [25-27] suggest that
magnetic interactions within this material can also be
described using the same model. Interestingly, we have
observed a monotonic decrease of T with the increase
in a and ¢ parameters. When moving from BaMnsPo
to BaMnsyBiy, about 12% increase in a and ¢ leads to
about ~ 50% decrease in Ty suggesting a strong depen-
dence of Ji, Jo and J. on the intralayer as well as inter-
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FIG. 7: Isothermal magnetization M versus applied magnetic field H of BaMn2 P2 measured for two different crystal orientations;

(a) H || ab-plane and (b) H || c-axis.

layer distances between the localized Mn-spins. Further,
the Xab,c(T) of BaMnyPs show a monotonic increase for
T > Tn. This behavior is similar to what was previ-
ously observed in As-, Sb- and Bi-analogs [26, 27, 35] and
suggests that dynamic short-range quasi two-dimensional
AFM correlations persist above Ty in this material as
well.

It is interesting to compare the Mn-based insulat-
ing BaMns Pno compounds with the Co-based metallic
ACozAs; (A = Ca, Sr, Ba) which also crystallize in
ThCrySis-type structure. ACosAsy compounds exhibit
properties that delicately depend upon the interlayer
das—As, which regulates the oxidation state of Co-ions
in these materials by controlling the extent of the inter-
layer As-As bonds. As a result, it indirectly controls the
magnetic ground state [9]. For example, BaCogAsy with
das—as = 3.78 A shows a nonmagnetic ground state [36].
On the other hand, CaCo sgAsy with das_as = 2.73 A
exhibits an A-type collinear AFM ordering below 52 K
[37]. Interestingly, SrCosAsy with das—as = 3.33 A in-
termediate to those of its Ca and Ba analogs shows no

evidence of long-range magnetic ordering, but exhibits
stripe-type AFM [10] as well as FM [11] spin fluctua-
tions, where the former is similar to the fluctuations ob-
served in the FeAs-based superconductors. On the con-
trary, dp,—pn does not show any significant variation
within the BaMnyPns compounds and because of the
localized nature of d-bands it apparently does not have
any direct effect on the oxidation state of the Mn-ions as
well as on the magnetic ground state of these materials.
ACosAss and BaMns Pns compounds together present a
text-book type example of how the structural parameters
and electronic band structure can indirectly govern the
magnetism within crystalline systems. It is also notewor-
thy that the ground state crystal structure of AMns Png
compounds only depends upon the type of alkaline-earth
metal present in the lattice while the unit cell dimensions
are controlled by the pnictogen atoms constituting the
lattice. This feature could further be used to investigate
the structural crossover regions to understand structure-
property relationship within this system and to explore
instability-driven phase-transitions and ground states.



As BaMnsPs has the highest Ty within this series, it
would be very interesting to perform hole-doping studies
on this material. A similar investigation in the related
compound BaMnsAs, with Ty = 618 K has led to the
discovery of a prototype itinerant half-metallic ferromag-
netism with 7, ~ 100 K. It would be worth to investigate
if the stronger exchange interactions resulting in large T
in BaMnyP5 can assist in developing a half-metallic FM
state with higher T,.. Such investigations would be impor-
tant as the high-7. half-metals are desirable candidates
for spin-polarized device applications.

CONCLUSION

High-quality single crystals of BaMnyPo were grown
using Sn-flux. The ab-plane electrical resistivity as well as
the heat capacity measurements suggest a small band gap
insulating ground state of the material. The anisotropic
magnetic susceptibility xqp,c(T") measurements show that
similar to BaMnaPns (Pn = As, Sb, Bi) compounds,
BaMnsPs has a collinear Néel-type AFM ground state
with transition temperature Ty = 795(15) K, which is
highest among the 122-pnictide compounds investigated
so far. The AFM transition temperatures of BaMnyPno
compounds show a monotonic decrease with the increase
of tetragonal a and ¢ parameters, where about 12% in-
crease in a and ¢ leads to ~ 50% decrease in Tx. These
observations suggest a strong dependence of the strength
of the magnetic exchange interactions on the separa-
tion between the localized spins residing on the Mn-ions.
The Xab,c(T') of BaMnyPy show a monotonic increase for
T > Ty suggesting the presence of sizable short-range
dynamic quasi two-dimensional AFM correlations above
the Tn. Because of the high value of T of BaMnsPs,
hole-doping investigations are highly sought for. Simi-
lar studies in related BaMnyAs, with Ty = 618 K have
led to the discovery of prototypical itinerant half-metallic
behavior of the doped holes with T, ~ 100 K. Such in-
vestigations become more significant as half-metals with
high-T,. are emerging as desirable candidates for spin-
polarized transport-based applications.
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