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ABSTRACT: Two rare-earth-containing ternary phosphides, Eu;Ga,P, and
Eu;In,P,, were synthesized by a two-step solid-state method with
stoichiometric amounts of the constitutional elements. Refinements of the
powder X-ray diffraction are consistent with the reported single-crystal
structure with space group C2/c for Eu;Ga,P, and Pnnm for EusIn,P,.
Thermal gravimetry and differential scanning calorimetry (TG-DSC) measure-
ments reveal high thermal stability up to 1273 K. Thermal diffusivity
measurements from room temperature to 800 K demonstrate thermal
conductivity as low as 0.6 W/m-K for both compounds. Seebeck coeflicient
measurements from room temperature to 800 K indicate that both compounds
are small band gap semiconductors. Eu;Ga,P, shows p-type conductivity and
Eu;In,P, p-type conductivity in the temperature range 300—700 K and n-type
conductivity above 700 K. Electronic structure calculations result in band gaps
of 0.60 and 0.29 eV for Eu;Ga,P, and EusIn,P,, respectively. As expected for a valence precise Zintl phase, electrical resistivity is
large, approximately 2600 and 560 mQ-cm for Eu;Ga,P, and Eu;In,P, at room temperature, respectively. Measurements of
transport properties suggest that these Zintl phosphides have potential for being good high-temperature thermoelectric materials
with optimization of the charge carrier concentration by appropriate extrinsic dopants.
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B INTRODUCTION reported AMXP, (A = Ca and Yb; M, X = Zn, Cu, and Mn)
layered phosphides show relatively low thermal conductivity
(~2 W/m‘K) with high Seebeck and low electrical resistivity,
demonstratln§ the potential of phosphides for thermoelectric
applications.'* Thus, the low thermal conductivity in these
phases provides opportunities for development of new
lightweight efficient thermoelectric materials.

A resurgence of interest in thermoelectrics began in the mid
1990s when nanostructural engineering was proposed to play a
role in enhancing the thermoelectrlc efficiency, mainly by
reducing the thermal conductivity."” Zintl phases have been of
particular interest as they are prime candldates for providing the

“phonon-glass and electron -crystal” characteristics of ideal - i )
thermoelectric materials.>* Extensive research has been A rare-earth phosphide Zintl phase Eu;Ga,P,, isostructural

. 1 . .

performed on some Zintl phases which eXhlblt high zT, such WIth_ Ca3A12As4, ® was recently (.)b.talned via-a self-flux
as Yb,,MnSb,,,° YbZn,Sb,° and Zn,Sb;”® and materials with reaction.'® Eu;Ga,P, has a monoclinic structure with space
the same or similar structure types. Exploring new Zintl phases group, C2/c, and 90 K lattice parameters a = 13.0245(12) 1: llé
with potential for thermoelectric applications is as important as = 10.1167(10) A, ¢ = 6.5580(6) A, and § = 90.2430(10)".
improving the thermoelectric properties of known materials.” Eu;Ga,Py can be wewgd as being comPosed of two tetrahedral
Materials containing a light element, in particular, are not GaP, edge-shared u.nlts LGaZP 6] Wh.ICh are further‘ corngf
heavily studied for thermoelectric applications as it is well sha'red t.o form two—dlmensmr-lal le.ayers in the be plane with Eu
understood that the strong covalent bonds within such cations in betv».feen, as shown n Figure la.. In the structure, each
materials lead to high thermal conductivity. We here present GayPg dimer is conérlected via the termlr}al 'P’ p'r0v1d1ng the
two recently discovered Zintl phases, Eu,Ga,P, and EusIn,P,, formula [Ga,P,P,,,]°". The cations and anionic units overlap in
and show that they have remarkably low thermal conductivity.
This is unusual for phosphides and tend to exhibit thermal Received: November 2, 2012
conductivity in the range above 10 W/m-K°~" Recently Published: March 21, 2013
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Figure 1. Structures of Eu;Ga,P, (a) and EusIn,P, (b), with Eu, Ga/
In, and P represented by red (large), green (medium), and black
(small) spheres, respectively.

the projection of the (110) plane. The phase of Eu;Ga,P, is
reminiscent of the isoformula compound EusIn,P,, which
crystallizes in an orthorhombic structure (space group Pnnm)
with 90 K cell parameters a = 16.097(3) A, b = 6.6992(13) A,
and ¢ = 4.2712(9) A"7 EuyIn,P, is isostructural with Zintl
phases Sr;In,P, and Ca,In,As,'® and structurally related to the
CajAlLAs,"? structure type. Each unit composed of edge-shared
tetrahedral InP, is also corner shared with another two of the
same units and stacked to form [In,P,P,,]°" chains along the ¢
axis as shown in Figure 1b. In the Eu;In,P, framework, the two
edge-shared tetrahedral units share two terminal P with each
together, instead of one as in Eu;Ga,P, Consequently,
[In,P,P,/,]" chains are formed in EuyIn,P, rather than the
two-dimensional [Ga,P,P,,,]" layers in EuyGa,P,. Isolated
Eu?* cations surround the chains in Eu,;In,P,. Both of these
structure types have been recently described and compared in
detail."

Eu;Ga,P, and Eu;In,P, were previously reported as single
crystals synthesized via flux reaction.'®'” Both Eu,Ga,P, and
Eu;In,P, were discovered as side Froducts of the flux synthesis
of EuGa,P,”® and Eu;InP;,'7?' respectively. A series of
A;ALPn, and A;Ga,Pn, (A = Ca, Sr, Ba, Eu; Pn = P, As)
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compounds have recently been explored through flux
reaction.'"” However, Eu,Ga,P, was not obtained under the
experimental conditions explored in the report. Solid-state
reaction with a stoichiometric amount of elements in tantalum
tubes was ex;)lored in order to prepare Eu;In,P, but was
unsuccessful.'” In the present paper, we report a two-step solid-
state reaction method to make phase-pure products of
Eu;Ga,P, and Eu;In,P,. Phase characterization, thermal
stability, transport properties, and electronic structures of
both compounds are studied.

B EXPERIMENTAL SECTION

Synthesis. Pure elements of Eu (ingot, 99.999%, Ames Lab), Ga (6
mm pellets, 99.9999%, Alfa Aesar), In (3 mm shot, 99.99%, CERAC),
and red P (polycrystalline lump, 99.9999%, J. Matthey) were used to
prepare Eu;Ga,P, and Eu;In,P,. Samples were synthesized using a
two-step solid-state reaction method. The first step was to make Eu
and Ga/In binary phases by mixing Eu and Ga/In at a ratio of 3/2.
Elements were loaded into a Nb tube and sealed by arc welding. The
Nb tube was then sealed in a quartz tube under vacuum before being
put into a furnace. The reaction was heated in a programmable furnace
(Barnstead Thermolyne 4800) under the following temperature
profile: for Eu and Ga, heating to 1323 K from room temperature
in 6 h, dwelling at 1323 K for 12 h, then cooling to 823 K within 6 h,
and dwelling at 823 K for 96 h; for Eu and In, ramping to 1273 Kin 6
h, dwelling at 1273 K for 12 h, then cooling to 1023 K in 6 h, dwelling
at 1023 K for 24 h, followed by cooling to 923 K in 6 h, and dwelling
at 923 K for 72 h. The second step was to add proper amounts of red
phosphorus to the ball-milled powders of Eu and Ga/In binary phases
in an alumina crucible, which was sealed in a quartz tube under
vacuum. The same heating profile was used in both reactions: heating
to 473 Kin 6 h, then heating to 1073 K in 120 h, followed by dwelling
at 1073 K for 12 h. Final products of Eu;Ga,P, and Eu;In,P, powders
were obtained by opening the ampule in a nitrogen-filled glovebox.

Both Eu;Ga,P, and Eu;In,P, are air sensitive. Eu;Ga,P, is more air
sensitive than Eu;In,P, and turns into a yellowish powder after being
exposed in air for several hours. Dense pellets of Eu;Ga,P, and
EuyIn,P, from spark plasma sintering (SPS) were less reactive due to
the minimized surface area but still crumbled into pieces and powders
after several days of being exposed to air.

Powder X-ray Diffraction. Powder of Eu;Ga,P, was loaded in to
an airtight holder for powder X-ray diffraction (XRD). A zero-
background holder was used for Eu;In,P, in order to get better quality
data since this compound is less air sensitive. XRD data were collected
by a Bruker D8 diffractometer with Cu Ka radiation (1 = 1.54060 A)
with a step size of 0.02° and scan rate of 1 s per step. Data acquisition
was done using the software with Bruker. Refinements were performed
with the FullProf Suite using the profile matching mode.>*

Thermogravimetry and Differential Scanning Calorimetry
(TG-DSC). Pellets pressed from the powder of Eu;M,P, (M = Ga, In)
were used for TG-DSC analysis. Data were obtained with a Netzsch
Thermal Analysis STA 409 cell equipped with a TASC 414/2
controller and a PU 1.851.01 power unit. After the baseline was
established, a pellet (~30 mg) was loaded into an alumina crucible at
room temperature, and after purging the sample chamber, the sample
was measured under an argon flow at 10 K/min with a data acquisition
rate of 10 points/K. Data acquisition was performed using the software
provided with the equipment and analyzed with the Netzsch Proteus
computer program.

Thermoelectric Property Sample Preparation. Finely ground
polycrystalline powders were pressed in high-density graphite dies
under 55 MPa up to 1023 K and held for S min under vacuum. The
density of the pellets was about 98% of the theoretical density. Coin-
shaped samples were obtained after spark plasma sintering (SPS) with
12.7 mm diameter and approximately 1.5 mm thickness. Discs for
electrical and thermal transport properties measurements were
polished down to typically 1 mm thickness with two smooth parallel
surfaces.
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Transport Properties Measurements. Electrical resistivity (p)
was measured using the van der Pauw technique with a high-
temperature apparatus. The Hall coefficient was also measured in the
same apparatus with a constant magnetic field about 9000 G. Carrier
density (n) was calculated from the Hall coefficient (Ry) based on n =
1/Rye assuming a scattering factor of 1.0 in a single-carrier scheme,
where n is the charge carrier density, Ry is the Hall coefficient, and e is
the charge of the electron. The Hall mobility (y;) was calculated from
the Hall coefficient (Ry) and the resistivity values according to
equation py = Ry/p.

Thermal diffusivity was measured using a flash diffusivity technique
(LFA457, NETSZCH) with a PyroCeram 9606 standard.*® Thermal
conductivity was calculated according to the equation x = C,dD, where
the heat capacity (C,), geometric density (d), and thermal diffusivity
(D) are from experimental data. Thermal diffusivity data are provided
in the Supporting Information along with the calculated thermal
conductivity.

The Seebeck coeflicient was measured using a high-temperature
light pulse technique.** A small auxiliary heater was used to produce a
temperature difference AT across the sample while simultaneously
measuring the thermoelectric voltage AV produced across it. The
Seebeck coeflicient was calculated by the slope of the line of AV vs
AT.

Electronic Structure Calculations. First-principle electronic
structure calculations of Eu;Ga,P, and EusIn,P, were performed
based on density functional theory (DFT), in which the exchange
correlation potential employed the generalized gradient approximation
(GGA) and the functional was given by Perdew, Burke, and Ernzerhof
(PBE). Projector-augmented wave (PAW) pseudopotentials were used
to model the interaction between valence electrons and core electrons.
Through our calculation, the plane wave basis set was determined with
an energy cutoff at 337.5 eV for both Eu;Ga,P, and Eu;n,P,.
Integrations within the Brillouin zone specific K points were selected
using a 2 X 2 X 2 Gamma-Centered grid for the Eu;Ga,P, 36-atom
supercell and a 4 X 4 X 4 grid for the Eu;In,P, 18-atom supercell
calculation.

The partially occupied and strongly correlated localized f orbitals of
Eu were treated using the GGA(S) + U method. By explicitly adding
the Hubbard on-site Coulomb repulsion U parameter in the energy
functional, the excessive delocalization predicted by LDA/GGA could
be remedied. Our calculations were performed using Dudarev’s
approach for GGA(S) + U,g in which Uz = U — J = 6.3 €V,”® and
with Europium magnetic moment 7 up® All calculations were
conducted with the Vienna ab initio program package (VASP).

B RESULTS AND DISCUSSION

Synthesis and Phase Characterization. Pure phases of
monoclinic Eu;Ga,P, and orthorhombic Eu;In,P, were
successfully synthesized by means of a two-step solid-state
reaction with stoichiometric elements. The titled compounds
could not be prepared phase pure by directly melting
stoichiometric elements together in one step at temperatures
of 1100 °C, with impurity EuP and GaP or InP binary phases
and ternary phases being formed. Making Eu,Ga, or Euln,
binary phases is a crucial first step, inhibiting formation of
binary phosphides and other ternary phases that makes it
difficult to synthesize pure EusM,P, (M = Ga, In).'®'72%7

The powder X-ray diffraction patterns of the two compounds
were used to determine the purity of the phase. The whole
pattern fitting of the data for both compounds is shown in
Figure 2 with agreement R factors R, = 16.1%, R, = 10.89
and R,, = 9.15%, R, = 5.19% for Eu;Ga,P, and EusIn,P,,
respectively. No obvious impurity was detectable by X-ray
diffraction based on the Bragg positions and the difference
between observed and calculated patterns. The high back-
ground at low angle in the diffraction pattern of Eu;Ga,P, was
contributed by the airtight holder. Cell parameters were a =
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Figure 2. Powder X-ray diffraction pattern of Eu;Ga,P, (a) and
Eu;In,P, (b) with data marked as red dots and calculated patterns in
black, the difference between experimental and calculated patterns
shown in blue, and the Bragg positions indicated as green bars.

13.0111(4) A, b = 10.1157(2) A, ¢ = 6.5767(2) A, and g =
90.066(2)° for Euy;Ga,P, and a = 16.1527(2) A, b = 6.7297(1)
A, and ¢ = 4.2769(1) A for Eu;In,P,, in good agreement with
reported single-crystal data.'®'” Pellets of Eu;Ga,P, and
Eu;In,P, obtained from SPS had the same X-ray diffraction
patterns as the premade powders (not shown).

Thermal Stability. Eu;Ga,P, and Eu;In,P, have no melting
behavior below 1273 K according to the TG-DSC analyses in
Figure 3. No obvious endothermal or exothermal peaks are
observed in the DSC curves for either compound. The
continual minor increases in the DSC curves observed in
both compounds as a function of temperature is consistent with
sintering of the powder during the heating process. The small
mass increase upon heating is attributed to slight surface
oxidization during data collection. The thermal stability of the
two titled compounds makes them applicable as high-
temperature thermoelectric materials.

Transport Properties. Both Eu;Ga,P, and EusIn,P, have
extremely low thermal conductivity values. These were
calculated from geometric density (d), measured heat capacity
(Cp), and thermal diffusivity (D) from flash diffusivity
measurement using the equation « C,dD. Thermal
conductivities of the two systems are as low as 0.6 W/m'K,
compared with one of the best p-type Zintl phase materials
Yb,,MnSb,,,* which is about 0.9 W/m-K as shown in Figure 4.
However, the lattice thermal conductivity values of both
materials are nearly identical, because Yb,,MnSb;; has a
significant electronic contribution, k, while in the case of
Eu;M,P, (M = Ga, In), , is negligible due to low electronic
conductivity. The thermal conductivity, k, decreases with
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Figure 3. TG-DSC traces for Eu;Ga,P, (a) and Eu;In,P, (b). Solid
and dotted curves are for DSC and TG and red and black curves for
heating and cooling, respectively.
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Figure 4. Thermal conductivities of Eu;Ga,P, and EusIn,P, with
Yb,,MnSb,, (solid line) from the literature® for comparison as a
function of temperature.

increasing temperature due to the increased phonon Umklapp
scattering, In rare-earth Zintl phases such as Yb;,MnSb,,* and
Yb, ;MSby (M = Ga, In),”® heavy atoms in large and complex
unit cells lead to extremely low lattice thermal conductivity. It is
of interest to achieve extremely low thermal conductivity
approaching the glassy limit in relatively light phosphide
compounds, such as bulk Eu;Ga,P, and Euln,P,* Low
thermal conductivity of Zintl phosphides has recently been
observed for AMXP, (A = Ca and Yb; M, X = Zn, Cu, and Mn)
systems.'* These Zintl phosphides naturally possess the
“phonon glass” property mainly due to the unit cell complexity.
With proper dopants to optimize the power factor (P = $*) by
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tuning carrier concentration and/or the density of states near
the Fermi level, Zintl phosphides could be promising
candidates for approaching ideal “phonon glass, electron
crystal” materials.”*°

Figure 5 shows the temperature-dependent electrical
resistivity (p) of Eu;Ga,P, and Eusln,P, from room temper-
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Figure S. Electrical resistivity of Eu;Ga,P, and Eu;In,P, as a function
of temperature.

ature to about 800 K. The decreasing electrical resistivity with
increasing temperature indicates that both samples act as
semiconductors. Eu;Ga,P, has a much higher electrical
resistivity than Eu;In,P,, which suggests that Eu;Ga,P,
possesses a larger band gap. The room-temperature electrical
resistivity of EusIn,P, is approximately 560 mQ-cm (0.0056
Q-m), which is consistent with the reported value of 0.005(1)
Q:m from single crystals.'” However, the room-temperature p
of polycrystalline Eu;Ga,P, of this work, approximately 2600
mQ-cm (0.026 Q-m), is 3 orders of magnitude lower than the
reported value of about 250 Q-m for a single crystal with a
current parallel to the b axis.'® Data were analyzed by an
activation model, In p = E;/2kgT + A, shown in Figure 6. Band
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Figure 6. Ln p verse 1/T and linear fit to the data of EuyGa,P, (T =
380—800) and EusIn,P, (T = 300—600).

gaps, E; of 0.120(1) and 0.040(1) eV were obtained for
Eu,;Ga,P, (300—800 K) and EusIn,P, (300—600 K),
respectively. These values are much smaller than the reported
results from single crystals of 0.552(2)'° (280—300 K) and
0.452(4) eV'7 (130—300 K) for Eu;Ga,P, and Eu,ln,P,,
respectively. The difference may be attributed to the different
temperature ranges used for data fitting and the form of the
samples (polycrystalline vs single crystalline). Further, as shown

dx.doi.org/10.1021/ic302400q | Inorg. Chem. 2013, 52, 3787—-3794
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in Figure 6, the two curves do not fit well for a wide
temperature range, indicating that the activation model may not
be applicable for a wide temperature range in this case, as was
also reported for wide temperature range in our previous work
on Eu;Ga,P, single crystals."® A variable-range-hopping (VRH)
model was applied to better fit the experimental data of
Eu;Ga,P,.'® The results of the fitting with the VRH model
suggested that the carrier conduction in Eu;Ga,P, was mostly
three dimensional. In other words, besides the two-dimensional
Ga—P networks indicated in Figure 1, Eu—P bonding is also
involved in carrier conduction. Eu—P distances in Eu;Ga,P,
range from 2.9376 to 2.9961 A, which are comparable to the
ones in EuyIn,P, from 2.9598 to 2.9957 A. The Eu-P
interactions in Eu;M,P, (M = Ga, In) are also shown in the
valence charge density contour maps, discussed below.

The Hall carrier concentration (1) of EuyGa,P, is positive,
indicating that it is a p-type semiconductor. In Eu;Ga,P,, ny
increases exponentially with temperature, as shown in Figure
7a, which can be explained by the thermal excitation of carriers
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Figure 7. (a) EuyGa,P, carrier concentration increases with temper-
ature; (b) mobility decreases with temperature. (c) Euyln,P, Hall
carrier concentration decreases with temperature; (d) Hall mobility
increases with temperature. y axis of a and c is log(carrier
concentration). Hall carrier concentration and Hall mobility are
calculated according to the single-band approximation. Unusual
temperature dependence observed in Eu;In,P, is due to the influence
of minority carriers.

across the small band gap. The Hall mobility (py) of Eu;Ga,P,
decreases with increasing temperature due to the increasing
phonon scattering and carrier concentration, shown in Figure
7b. The continuous decrease of the electrical resistivity of
Eu;Ga,P, with temperature indicates that the rise of the carrier
concentration exceeds the mobility decay. This is typical
behavior for an intrinsic semiconductor. However, EusIn,P,
provides a completely different scenario. The Hall charge
carrier concentration (ny) of EusIn,P, is that of an n-type
material. The absolute value of the Hall carrier density has no
appreciable change up to about 550 K and then decreases with
increasing temperature afterward, shown in Figure 7c. The
decreasing of Hall carrier density contributes to the appearance
of an increasing Hall mobility as shown in Figure 7d. Overall,
the electrical resistivity of EusIn,P, decreases with increasing
temperature as shown in Figure S. The difference in the sign of
Seebeck and Hall coefficient, abnormal change of carrier
concentration, and temperature dependence of the Seebeck
coefficients (shown in Figure 8) for Eu;In,P, taken together are
consistent with the description of a bipolar system with mixed
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Figure 8. Seebeck coefficients of Eu;Ga,P, and EusIn,P, as a function
of temperature. Line is drawn to indicate where the Seebeck coeflicient
is zero.

conduction effects. Here, the Hall carrier concentration and
Hall mobility, shown in Figure 7c and 7d, were calculated from
a single-carrier model of the Hall effect (ny = 1/Rye) and
electrical conductivity (6 = nyepy). The Hall carrier
concentration and Hall mobility data reported here are for
completeness and comparison, but because the Hall coefficient
is compensated by the opposing effects of both holes and
electrons, the concentration and mobility of individual charge
carriers cannot be definitively determined. In a two-carrier
system, the expression for the Hall coefficient, Ry, which takes
into account both holes and electrons, is given in eq 1. The
single-band approximation can be used to determine the actual
carrier concentration and mobility if one carrier type clearly

dominates; otherwise, significant errors can be introduced (eq
l).28

—ny, + pu;
R

H e(ny, + Pﬂp)z (1)

The Seebeck coeflicient of Eu;Ga,P, remained relatively
large and positive in the measured temperature range, varying
from ~60 uV/K at room temperature to ~270 uV/K at 800 K,
as shown in Figure 8. Likewise, the Seebeck coeflicient of high
zT material Yb,,MnSb,, ranges from 60 pV/K at room
temperature to 185 #V/K at 1275 K.° The nonlinear behavior
of the Seebeck coefficient with increasing temperature is
indicative of both n- and p-type carriers such as those observed
in Yb,,Mn,_,ALSb,;* and Yb,,MSb, (M = Ga, In)*® Zintl
phases. The Seebeck coeflicient of Eu;In,P, is about 60 yV/K
at room temperature and slightly rises before starting to fall at
550 K, as shown in Figure 8. The expression of the Seebeck
coeflicient is given as a function of partial electron and hole
Seebeck coefficients in two-carrier systems shown in eq 2.>>

S = So, + S0

6, + o,

)

The sign change of the Seebeck coefficient for Eusln,P,
suggests that the contribution from electrons is dominant at
high temperatures. Similar behavior was observed for
AngTe2,3 which showed negative values of the Hall
coefficients (carrier concentration) and a positive Seebeck
coefficient. The negative Hall coefficient indicates that the
electrons most likely occupy high-mobility low-mass bands and
dominate the Hall coefficient at all temperatures. The holes,

dx.doi.org/10.1021/ic302400q | Inorg. Chem. 2013, 52, 3787—-3794



Inorganic Chemistry

_ 1 2 3
5 100 T T
o ——spinup ]
8 Spm down ]
a ]
[=] L T ¥y Cialbinid
[
ol =8 spin up s spin down |
a ——pspinup s p spin down
1k =
0 A’*‘ﬂlﬂr—_ s . .
S SPIN UP -+ 5 Spin down
& 2F  ——pspinup e p spin down’|
o 1L ~———d spin up - d spin down |
1 Y -
=5 up e s down
——p up p down
———dup-ddown
—fup o n
L = /—"«‘i\fj\"' - !-"
0 1 2 3
Energy (eV)

- 2 0 1 2 3
5 100 i ; i .
S 80f b) ——spinup |
8 60 e g0iN down J
o 40+ .
T 20} 1
c o R R e skt
S SPin up - 5 spin down
N 25 ——p Spin up e p spin down |
1 bs -
S SPIN UP e g spin down
21  ——pspinup e p spin down
£ 4 ———d spin up - d spin down
.......... = down
......... p down
d down
f down
P T et
1 2 3

Energy (eV)

Figure 9. Density-of-states (DOS) diagrams for Eu;Ga,P, (a) and Eu;In,P, (b) based on PAW-GGA. Band gaps of Eu;Ga,P, and Eu;In,P, are 0.60

and 0.29 eV, respectively.

residing in high density of states mass bands, give a positive
Seebeck coefficient of EusIn,P, when the partial Seebeck
coefficient dominates at low temperatures.” EusIn,P, is a case
where two distinct regions can be observed in Seebeck
coefficient data. In the first region, extrinsic charge carriers
excited from impurity states are dominant and the Seebeck
coeflicient increases with temperature as the Fermi level moves
toward the middle of the band gap. In the second region,
electron—hole pairs are excited across the energy gap as the
temperature is further raised and the Seebeck coeflicient
decreases due to the opposing effects of the two types of
carriers. The n-type carriers increase due to thermal excitation
across a small thermal band gap. The Seebeck coefhicient
changes sign when the partial Seebeck coeflicient of electrons
starts to dominate. The maximum of the Seebeck coeflicient
Oy, between these two regions can be employed to estimate
the thermal band gap E, (Apax & E/2eT 0 where e is the
charge of an electron and T, is the absolute temperature at
®ae)>F A thermal band gap E; = 0.073 eV can be obtained for
Eu;In,P, based on this estimation, which is comparable to the
value of 0.040(1) eV from the fitting of resistivity data. This
band gap value of ~0.05 eV corresponds to kT at T = 580 K,
where the Seebeck coefficient starts to decrease. Therefore, the
estimated thermal band gaps from both the Seebeck coefhicient
and the electrical resistivity are within a reasonable range.

The figure of merit of Eu;M,P, is low, with zT values of
~0.02 and 0.01 at 800 K for M = Ga and In compounds,
respectively. The low zT values are mainly a result of the high
electrical resistivity values due to a lack of extrinsic dopants. If
proper dopants can be found to increase the charge carriers and
the band-gap magnitudes are sufficiently large to prevent
bipolar conduction, good thermoelectric performance may be
achieved for Eu;Ga,P, and Eu;In,P, as p- and n-type materials,
respectively.

Electronic Band Structure. To compare the band gaps
and study the states near the Fermi level of EusM,P,, the
density of states (DOS) diagrams are presented in Figure 9. As
can be seen from the plot, given U, = 6.3 eV on f states and the
magnetic moment is 7 yg for Eu, the band gap of Eu;Ga,P, is
around 0.60 €V>*?® and about 0.29 eV for Eu,In,P,. Estimation
of the band gap of Eu;Ga,P, is in agreement with the
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experimental measured 0.55 eV.'® The value of 0.29 eV for
Eu;In,P, is smaller than the calculated band gap of Eu;In,P,,
0.42 eV, obtained by Singh,S’s’36 which may be due to the
different pseudopotentials, exchange-correlation functionals,
and on-site U (or J) parameters employed. Nevertheless, the
qualitative descriptions of the material features such as the
semiconductor characteristic and the states distributions are
similar. According to GGA(S) + U calculation, in Eu;In,P,, the
top of the valence band is dominated by f states of Eu
hybridizing slightly with p states of P and the bottom of the
conduction band is dominated by the d states of Eu hybridizing
with s states of In, while in Eu;Ga,P,, although f states of Eu
play an important role in the top of the valence band,
hybridization of p states of P is dominant. States near the band
edge are contributed by spin-up components for both
compounds.

In order to investigate the possible chemical bonding
between Eu—P, Ga—P, and In—P, the valence charge density
contour maps of Eu;Ga,P, and Eu;In,P, are presented in
Figure 10. The energy scales from Fermi level to 3 eV lower

Figure 10. Valence charge density contour maps of (a) Ga—P and (b)
Eu—P in Eu;Ga,P, and (c) Eu—P and (d) In—P in Eu;In,P,. Relative
intensities decrease from red (top) to blue (bottom).

than Fermi level, which corresponds to the [—3 eV, 0 eV] on
the DOS figure and is most relevant to chemical bond
formation. The planes containing Eu—P bonds are chosen to
cross the Eu atoms distant from the Ga—P/In—P tetrahedral
layers in order to determine whether two-dimensional or three-
dimensional electrical conductivity exists. It can be seen from
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the charge contour maps that Eu, Ga, and In atoms all interact
with P atoms by polar covalent bonds with a relatively strong
ionic character, which indicates a possible three-dimensional
electrical conductivity as previously suggested. This is also
confirmed by the electronegativity differences of Eu(1.2), Ga
(1.81), and In (1.78) with P (2.19) that fall into the range of
polar covalent bonds.

To obtain the most appropriate fitting of the U parameter,
different U, parameters need to be tested to match with
experimental parameters, such as lattice constant, etc., which
may slightly alter the density of states. Also including U,¢ on d
states of Eu should change the density of states to some extent;
however, U correction on both d and f states of the same
element is not implemented in the present release of VASP.
Therefore, we chose the correction on f states since U is 6.3
eV for f states, which is much larger than U, = 3.4 eV for d
states. By including the majority of the important effects, we
expect the calculations to be adequate for obtaining the trend of
band-gaps change and the density of states of the materials. In
fact, the band gaps of Eu;M,P, obtained from the electronic
structure calculations are comparable with the values obtained
from the fittings of electrical resistivity data of single
crystals.'"”

B CONCLUSIONS

Two rare-earth Zintl phosphides Eu;M,P, (M = Ga, In) were
successfully synthesized. Refinement of the powder X-ray
diffraction patterns confirms phase purity for monoclinic
Eu;Ga,P, and orthorhombic Eu;In,P,. Eu;M,P, phases exhibit
high thermal stability according to the TG-DSC measurement,
with no phase transitions up to 1273 K. The two phosphides
show extremely low thermal conductivity (0.6 W/m-K at 700
K). Eu;Ga,P, shows a relatively large and positive Seebeck
coefficient from ~60 yV/K at room temperature to ~270 uV/
K at 800 K. In contrast, the Seebeck coefficient of Eu;In,P,
turns from positive to negative values at around 550 K and
reaches approximately —100 yV/K at 800 K. As intrinsic
semiconductors, both Eu;M,P, compounds exhibit high
electrical resistivity values that decrease with increasing
temperature. This is in agreement with the results of the
electronic structure calculations, which provide band gaps of
0.60 and 0.29 eV for Eu;Ga,P, and EusIn,P,, respectively. The
charge carrier concentration and mobility variations with
temperature have also been studied. The figure of merit of
Eu;M,P, is low, approximately 0.02 and 0.01 at 800 K for M =
Ga and In, respectively. Improvements of thermoelectric
properties can be achieved by optimizing the carrier
concentration through extrinsic doping.
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