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Materials with both large magnetocaloric response and high thermoelectric performance are of vital importance for
all-solid-state thermoelectromagnetic cooling. These two properties, however, hardly coexist in single phase materials
except previously reported hexagonal Cr1−xTe half metal where a relatively high magnetic entropy change (−∆SM) of
∼ 2.4 J·kg−1·K−1 @ 5 T and a moderate thermoelectric figure of merit (ZT) of ∼ 1.2×10−2 @ 300 K are simultaneously
recorded. Herein we aim to increase the thermoelectric performance of Cr1−xTe by compositing with semiconducting
Ag2Te. It is discovered that the in-situ synthesis of Cr1−xTe/Ag2Te composites by reacting their constitute elements above
melting temperatures is unsuccessful because of strong phase competition. Specifically, at elevated temperatures (T >
800 K), Cr1−xTe has a much lower deformation energy than Ag2Te and tends to become more Cr-deficient by capturing
Te from Ag2Te. Therefore, Ag is insufficiently reacted and as a metal it deteriorates ZT. We then rationalize the synthesis
of Cr1−xTe/Ag2Te composites by ex-situ mix of the pre-prepared Cr1−xTe and Ag2Te binary compounds followed by
densification at a low sintering temperature of 573 K under a pressure of 3.5 GPa. We show that by compositing with
7 mol% Ag2Te, the Seebeck coefficient of Cr1−xTe is largely increased while the lattice thermal conductivity is considerably
reduced, leading to 72% improvement of ZT. By comparison, −∆SM is only slightly reduced by 10% in the composite. Our
work demonstrates the potential of Cr1−xTe/Ag2Te composites for thermoelectromagnetic cooling.

Keywords: thermoelectromagnetic cooling, thermoelectric, magnetocaloric, composite, chromium telluride
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1. Introduction
With the growing greenhouse gas emission and energy

crisis that limit the use of traditional liquid refrigerants,
there is an increasing demand for solid-state refrigeration
materials and technologies.[1–5] Among them, thermoelectric
cooling[6–8] enabled by the Peltier effect[9–17] and magnetic
cooling led by the magnetocaloric effect[18–28] are the most
promising, since they have the advantages of high reliability,
no moving parts, compact size, and quiet operation. How-
ever, their conversion efficiency is still much lower than con-
ventional mechanical-compression refrigeration, making their
commercial use impractical.

In recent years, thermoelectromagnetic refrigeration[29–32]

by use of electronic entropy flow and magnetic entropy flow
as cooling media has been proposed to revolutionize the solid-
state cooling technology with potentially higher conversion ef-
ficiency. The key point of thermoelectromagnetic refrigeration
is to develop new functional materials with both large mag-
netic entropy change (−∆SM) and high thermoelectric figure
of merit (ZT).[33] However, these two properties are usually
contradictory to each other in a single phase compound, since
excellent magneto-thermal materials are mainly ferromagnetic
(FM) metals,[34] while most efficient thermoelectric materials

are generally doped narrow-bandgap semiconductors.[35,36]

There are only a very few exceptions, one of which is Cr1−xTe
half metal.[37,38] By varying x, there are a series of binary
chromium tellurides with different crystal structures and phys-
ical properties. Specifically, when x ≤ 0.09, Cr1−xTe crystal-
lizes in a hexagonal NiAs-type structure.[39,40] It shows a
ferro-to-paramagnetic phase transition at a Curie tempera-
ture (TC) of 334 K.[41] As x is increased to 1/6, the resultant
Cr5Te6 compound is stabilized in a monoclinic structure with
a slightly lower TC of 326 K. Further increasing x leads to
the formation of monoclinic Cr3Te4 (x = 1/4) and hexag-
onal Cr2Te3 (x = 1/3), both of which have TC lower than
250 K.[42] Most recently, it has been experimentally demon-
strated that Cr0.91Te possesses a relatively high −∆SM of
∼ 2.4 J·kg−1·K−1 under an external magnetic field of 5 T and
a moderate ZT of ∼ 1.2×10−2 around 300 K.[37] Nonetheless,
there is still plenty of room for its performance optimization
since the ZT value is 1–2 orders of magnitude lower than that
of commercialized bismuth telluride thermoelectric material.
The main drawback that limits the ZT of half metallic Cr1−xTe
compounds lies in their poor Seebeck coefficients (room tem-
perature value of ∼ 20 µV/K vs. ∼ 200 µV/K for optimized
BixSb2−xTe3

[36,43]).
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In this work, we attempt to increase the thermoelec-
tric performance of Cr1−xTe without significantly sacrificing
its magnetocaloric properties by compositing with semicon-
ducting material, Ag2Te, which was chosen for its excellent
Seebeck coefficient and low thermal conductivity at room
temperature.[44] The composite is rationally synthesized by an
ex-situ route, namely, the pre-prepared Cr1−xTe and Ag2Te
binary compounds are thoroughly ground and mixed prior
to densification by a high pressure method (3.5 GPa) under
573 K. The mild synthesis temperature is vital for the elimi-
nation of Ag metal from the final product, because there is a
strong phase competition between Cr1−xTe and Ag2Te when
the temperature is above 800 K. It is found that the introduc-
tion of 7 mol% Ag2Te into Cr1−xTe increases the ZT value
by 72% as a result of Seebeck coefficient enhancement while
−∆SM only shows ∼ 10% reduction in this process. Our work
highlights the great potential of exploring composites as high
performance thermoelectromagnetic multi-functional materi-
als.

2. Experimental procedures
In-situ synthesis Samples were prepared by high temper-

ature reaction. Specifically, Cr powder (325 mesh, 99.99%),
Te powder (325 mesh, 99.999%) and Ag powder (≤ 0.2 µm,
99.99%) were thoroughly mixed according to the molar ratio
of Cr0.91Te–7%Ag2Te, cold-pressed into a cylinder, and vac-
uum sealed into a silica tube. It was then reacted at 1073 K for
12 h followed by quenching in saturated salt water.

Ex-situ synthesis Cr0.91Te (or Cr5Te6) and Ag2Te were
respectively prepared at first. The synthesis procedure of
Cr0.91Te (or Cr5Te6) was the same as the one described
above. Ag2Te was prepared by melting high purity Ag pellets
(99.99%) and Te blocks (99.999%) in a 2:1 ratio in vacuum
sealed silica tubes at 1323 K for 10 h, followed by slow cool-
ing to room temperature. Then the sample was subjected to
annealing at 673 K for 3 d, and further annealing at 373 K for
1 d.

Formation energy calculation The formation ener-
gies were calculated based on the density functional theory
(DFT). All the calculations were performed using the gen-
eralized gradient approximation with PBE functional[45] for
the exchange–correlation functional and projector augmented
wave potentials as implemented in the Vienna Ab initio simu-
lation package (VASP).[46] Quasi harmonic approximation im-
plemented in Phonopy code was used to calculate the temper-
ature dependent free energies.

Sintering The as-prepared Cr0.91Te (or Cr5Te6) and
Ag2Te were crushed into fine powders, mixed according to
the molar ratio of Cr0.91Te–7%Ag2Te and hand milled in an
agate mortar for 1 h. The composites were sintered at 1073 K
by a hot pressing method in vacuum under an axial pressure

of 80 MPa, or densified by a high pressure (3.5 GPa) method
under 573 K.

Measurement and characterization Phase purity was
examined by powder x-ray diffraction (XRD, Cu Kα , X’Pert
PRO-PANalytical). The chemical compositions were analyzed
by an energy dispersive spectrometer (EDS, JXA-8230/INCA
X-Act) on the electron probe micro-analyzer (EPMA, JXA-
8230). Procedures for magnetocaloric properties and ther-
moelectric transport properties measurements can be found in
Refs. [47,48]. Hall effect study was performed on a physical
property measurement system (PPMS-9, Quantum Design) at
300 K under vacuum. The differential scanning calorimetry
(DSC) curves were recorded by a DSC Q20 (TA Instrument,
Delaware, PA, USA) instrument.

3. Results and discussion
Figure 1(a) shows the powder XRD patterns of the in-situ

synthesized sample. Although CrTe and Ag2Te are present
in the final product, there are also some unexpected impurity
phases which are most likely Cr5Te6 and Ag metal. The pres-
ence of Ag2Te is further verified by DSC analysis. As illus-
trated in Fig. 1(b), an apparent endothermic peak around 421 K
upon heating and an exothermic peak near 410 K during cool-
ing are recorded, which is ascribed to the αβ phase transition
of Ag2Te.[49]

To elucidate the origin of Cr5Te6 and Ag metal in the fi-
nal product by in-situ synthesis, we calculate the temperature
dependent formation energies (Eform) of Cr0.91Te, Cr5Te6, and
Ag2Te, and the results are compared in Fig. 2. In the low tem-
perature range (Tlow < 500 K), the three compounds have very
close values of Eform, indicating that they are able to coex-
ist; in the middle temperature range (500 K < Tmid < 800 K),
we note that the values of Eform for Cr0.91Te and Ag2Te are
still comparable, but the one for Cr5Te6 is getting lower. It
indicates that Cr0.91Te is prone to phase collapse into Cr5Te6

and Cr, while Ag2Te is stable in this temperature interval; in
the high temperature range (Thigh > 800 K), Eform decreases
in the sequence of Ag2Te, Cr0.91Te and Cr5Te6, indicative of
a strong phase competition. Specifically, Cr0.91Te captures Te
from Ag2Te to form more stable Cr5Te6, rendering the pre-
cipitation of Ag metal, as described in the following chemical
formula:

Cr0.91Te+0.092Ag2Te = 0.182Cr5Te6 +0.184Ag. (1)

During the in-situ synthesis of Cr0.91Te–7%Ag2Te composite,
the elements are reacted at 1073 K (Thigh region). Then it is not
surprising that Cr5Te6 and Ag metal are found as impurities in
the final product. Based on the above findings, we proceed to
ex-situ synthesize the composite by mixing the pre-prepared
Cr0.91Te and Ag2Te binary compounds to avoid phase compe-
tition at high temperatures.
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Fig. 1. (a) XRD patterns and (b) DSC curve of in-situ synthesized sample.
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Figure 3(a) illustrates the powder XRD patterns of as-
synthesized Cr0.91Te and Ag2Te which are both single phase
compounds. After sufficiently grinding at room temperature,
their mixture shows no any extra impurity peaks as expected.
We proceed to densify the composite by the conventional hot
pressing (HP) method for the sake of subsequent thermoelec-
tromagnetic properties measurement. We note a gradual in-
crease of the relative density for the sintered pellets from 85%
to 94% and then 97%, when the HP temperature is 873 K,

973 K and 1073 K, respectively. Nonetheless, all samples
show the presence of Ag and Cr5Te6 impurities in addition
to Cr0.91Te and Ag2Te, as shown in Fig. 3(b). The secondary
electron (SE) images, back-scattered electron (BSE) images,
and corresponding EDS elemental mappings for the two rel-
atively dense pellets (HP temperatures of 973 K and 1073 K)
are displayed in Figs. 3(c) and 3(d), respectively. In both cases,
Ag- and Cr-aggregations are clearly observed. For the Ag-
aggregations, they are dispersed in two different regions: one
has a light grey contrast (highlighted by the dotted blue cir-
cles) with lower Te concentration as compared to the matrix,
which is assigned to Ag2Te based on our energy dispersive
x-ray analysis; the other one, having almost no phase con-
trast (highlighted by the dotted golden circles) but featuring
the absence of Te, is undoubtedly Ag metal. This is in good
agreement with XRD results. The presence of Cr5Te6 is not
well demonstrated in the EPMA test, probably due to its sim-
ilar Cr/Te ratio in comparison with that of Cr0.91Te. Besides,
Cr metals with dark contrast (highlighted by the dotted red
circles) are also revealed in our EPMA analysis, though they
are not detected by XRD because of their low concentrations.
From Fig. 2, we conclude that the high sintering temperature
(> 800 K) of HP should be responsible for the observed im-
purities in the densified pellets. It is of great importance to
reduce the sintering temperature of the composite to get rid of
undesired impurities after densification.

As we know, both pressure and temperature play crucial
roles in the sintering process. Normally, if a higher pres-
sure is applied, a lower sintering temperature could be al-
lowed for full densification. Then we utilize a high pressure
(3.5 GPa) method (HPM) in an attempt to compact the com-
posite at sufficiently low temperatures. The pellets are la-
beled as HPM473, HPM573, HPM673 and HPM773 in terms
of their sintering temperatures. As expected, when the sin-
tering temperature is 473 K (namely, within the Tlow region
shown in Fig. 2), the HPM473 pellet has no change of its
phase compositions (mixture of Cr0.91Te and Ag2Te) before
and after sintering (Fig. 4(a)). However, its relative density is
only ∼ 92%, which is unsatisfactory. When the sintering tem-
perature is 573 K or higher (within Tmid region), the obtained
pellets are fully dense, but they become a mixture of Cr5Te6

and Ag2Te, as noted from the significant right shift and split-
ting of their diffraction peaks at 2θ = 37◦ to 43◦ (Fig. 4(b)).
In the meanwhile, Cr metal precipitates out as revealed by the
EPMA test for HPM573 (Fig. 4(c)). Therefore, even under
3.5 GPa pressure (the highest one allowed in our apparatus),
the lowest sintering temperature for the full densification of
Cr0.91Te–Ag2Te composite is still above 500 K. In this Tmid

region, Cr0.91Te decomposes into Cr5Te6 and Cr metal, the
latter of which is supposed to be detrimental to thermoelectro-
magnetic properties.
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Based on the above findings, we decide to optimize the

formula of the Cr1−xTe–Ag2Te composite by increasing x

from 0.09 to 1/6. In this context, Cr5Te6 and Ag2Te are re-

spectively prepared and then thoroughly mixed at room tem-

perature. They show consistent phase compositions (a mixture

of the two components) before and after sintering by HPM at
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573 K (Fig. 4(d)). The EPMA analysis shown in Fig. 4(e) re-
veals the absence of Cr metals in the sintered pellet and the
even dispersion of Ag2Te particles in the Cr5Te6 matrix.

The addition of Ag2Te into Cr5Te6 has a profound
impact on the thermoelectromagnetic properties. As de-
picted in Fig. 5, Cr5Te6, as a half metal, possesses signifi-
cantly larger electrical conductivities (σ , Fig. 5(a)) and ther-
mal conductivities (κ , Fig. 5(b)) but lower Seebeck coef-
ficients (S, Fig. 5(c)) than those of semiconducting Ag2Te
over the wide temperature range of interest. Specifically, at
room temperature, the values of σ , κ and S for Cr5Te6 are
2104 S·cm−1, 3.1 W·m−1·K−1 and −23 µV·K−1, respectively,
while those for Ag2Te are 1091 S·cm−1, 1.1 W·m−1·K−1 and
−97 µV·K−1, respectively. As a composite of the two com-
ponents, Cr5Te6–7%Ag2Te has intermediate values of all the
three physical quantities.

For a random and homogeneous dispersion of the second
phase (B, Ag2Te in this study) in matrix material (A, Cr5Te6

herein), the effective electrical conductivity (σeff), thermal
conductivity (κeff) and Seebeck coefficient (Seff) of the A–B
composite can be estimated by the Bergman–Fel model[50,51]

σeff = σA +
ϕ

D

(
δσ

dBA
+

1−ϕ

3
σA

dA

)
, (2)

κeff = κA +
ϕ

D

(
δκ

dBA
+

1−ϕ

3
κA

dA

)
, (3)

Seff =

[
SAσA +

ϕ

D

(
δSσ

dBA
+

1−ϕ

3
SAσA

dA

)]
1

σE
, (4)

δσ ≡ σB −σA, δκ ≡ κB −κA, δSσ ≡ SBσB −SAσA, (5)

dA ≡ σAκA

T
− (SAσA)

2 , dBA ≡ δσ δκ

T
−δ

2
Sσ , (6)

D ≡
(

δσ

dBA
+

1−ϕ

3
σA

dA

)(
δκ

T dBA
+

1−ϕ

3
κA

T dA

)
−
(

δSσ

dBA
+

1−ϕ

3
SAσA

dA

)2

. (7)

In expressions (2)–(7), ϕ represents the volume fraction of
phase B, σA (σB), κA (κB), and SA (SB) denote the electri-
cal conductivity, thermal conductivity and Seebeck coefficient
of component A (B), respectively. It is straightforward that
the calculated values of σ , κ and S for the Cr5Te6–7%Ag2Te
composite agree reasonably with the measured ones. It in-
dicates that Cr5Te6 and Ag2Te are well composited by HPM
without serious interdiffusion. Figure 5(d) depicts the calcu-
lated thermoelectric figure of merit ZT = S2σT/κ . At 300 K,
ZT is improved by 72% through compositing, from 0.011 for
pristine Cr5Te6 to 0.019 after adding 7 mol% Ag2Te.
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Fig. 6. (a) Temperature dependence of magnetization for Cr5Te6 and Cr5Te6–7%Ag2Te. Magnetization isotherms of (b) Cr5Te6 and (c) Cr5Te6–
7%Ag2Te. (d) Comparisons of temperature dependent magnetic entropy change of Cr5Te6 with and without Ag2Te addition.

The temperature dependent magnetization (M) for pris-
tine Cr5Te6 and Cr5Te6–7%Ag2Te composite under a mag-
netic field (H) of 1000 Oe is illustrated in Fig. 6(a). TC, defined
by the minimum of the dM/dT vs. T curves, is estimated to be
∼ 325 K for both samples, which is plausible because Ag2Te
is non-magnetic. Figures 6(b) and 6(c) respectively depict
the magnetization isotherms of Cr5Te6 and Cr5Te6–7%Ag2Te,
from which the temperature dependence of −∆SM under a
magnetic field change of 5 T is obtained, and the results are
compared in Fig. 6(d). In both cases, −∆SM reaches its peak
value around TC. After adding 7 mol% Ag2Te, the maximum
−∆SM slightly drops by 10%, from 1.80 J·kg−1·K−1 for pris-
tine Cr5Te6 to 1.61 J·kg−1·K−1 for the composite.

4. Conclusion
We show that Cr1−xTe and Ag2Te have very complex

temperature dependence of phase competition, based on which
the Cr5Te6–Ag2Te composite was rationally designed and syn-
thesized by an ex-situ mix method followed by high pressure
sintering. The composite displays intriguing thermoelectro-
magnetic multi-functional properties. In the vicinity of room
temperature, the addition of 7 mol% semiconducting Ag2Te

into half metallic Cr5Te6 increases the ZT value remarkably by
72% and decreases −∆SM slightly by 10%. Our work demon-
strates the feasibility of exploring ferromagnet-semiconductor
composite as advanced thermoelectromagnetic materials for
next-generation all-solid-state refrigeration.
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