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CeMn2Ge2 nanopowders have been obtained by high-energy ball milling for 5 and 10 hours
from bulk compound to investigate the effect of milling time on magnetic and magne-
tocaloric properties. CeMn2Ge2 nanopowders have been characterized by X-ray diffraction
(XRD), scanning electron microscopy with energy-dispersive X-ray spectroscopy, transmission
electron microscopy, and magnetization measurements. The average grain size of the
nanoparticles from XRD measurements is about 12.2 and 8 nm for 5-hour and 10-hour
ball-milled samples, respectively. The investigations reveal that magnetic entropy change (DSm)
can be altered by changing the particle size of the compound. Maximum DSm is �2.45 and
�1.30 J kg�1 K�1 for the 5- and 10-hour ball-milled nanopowders, respectively.
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I. INTRODUCTION

INTERMETALLIC RMn2X2 (R = rare-earth, X =
Si or Ge) compounds have been comprehensively
investigated owing to their exciting physical and mag-
netic properties.[1–7] CeMn2Ge2 exhibits unusual and
attractive properties which crystallize in body-centered
tetragonal (space group I4/mmm) with Ce, Mn, and Ge
atoms located at 2a(0,0,0), 4d(0,½,¼), and 4e(0,0,z),
respectively.[8] The CeMn2Ge2 compound exposes mag-
netic moments solely at Mn sites even at the lowest
temperatures.[9] CeMn2Ge2 bulk compound has been
studied by multiple methods,[10–15] due to its unexpected
magnetic form; nevertheless, there are inadequate data
in the literature about nanoformed CeMn2Ge2 regard-
ing its magnetic or magnetocaloric properties. Decreas-
ing mean crystalline size down to the nanometer scale
may suggest both modification of the magnetic proper-
ties as far as those of corresponding bulk compositions
are concerned and occurrence of new physical proper-
ties. High-energy ball milling (HEBM) is a commonly
used technique for alloying and mechanical processing
of materials.[16–19] In the present study, we focus on the
effect of particle size reduction of the intermetallic
CeMn2Ge2 compound obtained by the HEBM tech-
nique that has been presented and discussed by their
magnetic and magnetocaloric properties.

II. EXPERIMENTAL

The bulk CeMn2Ge2 was produced on a water-cooled
arc-melting furnace under argon atmosphere. The purity
of the elements was 99.9 pct Ce, 99.98 pct Mn, and
99.98 pct Ge. To compensate the mass loss of Mn,
additional 2 pct Mn was added to the stoichiometric
amount. To reach homogeneity, the polycrystalline bulk
was remelted a few times. The bulk CeMn2Ge2 com-
pound was grinded then ball-milled using planetary
milling system (PULVERISETTE 7) for 5 and 10 hours
in the hardened steel vial under ambient atmosphere.
Before the milling process, bulk compound was ground
using an agate mortar. The rotation speed kept constant
at 500 rpm and the weight ratio of sample was around
12:1. To prevent cold welding and overheating (plastic
deformation or agglomeration), milling system was
stopped every half an hour then continue with the same
process.
At room temperature, to characterize the crystal

structures, X-ray diffraction data were taken by XRD,
RIGAKU D-MAX 2200 diffractometer equipped with
Mo Ka radiation for bulk compound and nanopowders.
The size and shape of the nanopowders were inspected
by SEM (JEOL JSM 7600F at 20 kV) and TEM (JEOL
JEM 2100F at 200kV). To find out the elemental
composition of the nanopowders, JEOL JSM 7600F
equipped with an Oxford EDS was used. For TEM
analysis, nanopowders were prepared in ethanol by
ultrasonification. The solution was then dropped on
amorphous carbon-coated copper grid and was allowed
to dry.
The magnetization measurements were made in

a vibrating sample magnetometer (VSM, MicroSense
EV9) with a sensitivity range of ~10�7 emu at room
temperature. VSM samples were weighed with a typical
digital electronic balance (mass measurement error±0.1 mg).
The temperature dependence of magnetization curves
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M(T) was measured in the field-heated (FH) mode at a
constant applied field of 800 Oe, in the temperature
range from 175 K to 385 K (�98 �C to 112 �C). A Ni
standard test sample (4.2 ± 0.1 emu at 1 T) was used to
ensure accuracy before each measurement. Magnetic
entropy change was calculated by performing magnetic
field-dependent magnetization measurements M(H)
around Curie temperatures. Data were collected while
increasing the applied magnetic field from 0 to 1.8 T at
around the transition temperatures with 5 K (5 �C)
temperature rising steps.

III. RESULTS AND DISCUSSION

TheXRDpatterns shown inFigure 1 correspond to the
bulk and nanopowders with their Bragg positions,
respectively. According to Figure 1, the XRD patterns
reveal the single-phase formation for all the investigated
samples and well-defined Bragg peaks that could be
indexed in a ThCr2Si2-type tetragonal structure. The
refined unit cell parameters (a, c) and unit cell volumes (V)
for bulk and nanopowders are listed in Table I. For the
size distribution determination, the Scherrer’s method[20]

was applied. Full width at half maximum (FWHM) value
of the XRD peaks give information about size distribu-
tion in equation of Scherrer’s method. Average particle
sizes estimated by XRD found 25.0 nm for the starting
size of pieces (crushed in agate mortar), 12.2 and 8.0 nm
for 5- and 10-hour-milled nanopowders, respectively.
Figures 2(a) and (b) show SEM and TEM micro-

graphs of 5-hour ball-milled CeMn2Ge2 nanopowders,
respectively. The SEM and TEM images show that the
diameters of the nanopowders vary between 15 nm to 23
nm. According to EDS results of 5-hour ball-milled
CeMn2Ge2 nanopowders, atomic percentage of sample
is 40.02 ± 1.2 wt pct Mn, 37.98 ± 1.3 wt pct Ge, and
22.00 ± 1.4 wt pct Ce.
In addition, SEM and TEM micrograph of 10-hour

ball-milled CeMn2Ge2 nanopowders are shown in
Figures 3(a) and (b), respectively. The particle size of
this sample varies between 8 nm and 18 nm. It is
obtained that atomic percentage of this sample is
40.00 ± 0.8 wt pct Mn, 40.14 ± 0.9 wt pct Ge, and
19.86 ± 1.0 wt pct Ce(wt).
SEM, TEM, and EDS analysis results reveal that

5-hour and 10-hour ball-milled nanoparticles are
both different in size and practically have spherical
morphology.
The average sizes of the nanopowders were also

calculated using the FWHM of the XRD peaks in
Scherrer’s formula and results are compatible to that
obtained by TEM and SEM. In addition, the EDS
results confirmed that the molar ratio of Ce:Mn:Ge was
1:2:2 as expected for both 5- and 10-hour ball-milled
samples.
In order to investigate the magnetic behavior of the

samples, temperature-dependent magnetization mea-
surements, M(T), were carried out for 5- and 10-hour
ball-milled samples under 800 Oe, consistent with that
used in the bulk one to compare saturation magnetiza-
tion values.[8] The M(T) curves, measured from 175 K to
385 K (�98 �C to 112 �C) in a magnetic field of 800 Oe
for field-heated FH mode, are displayed in Figure 4.
Results of magnetization measurements as a function

of temperature show almost identical behavior for
different milling times. According to Figure 4, milled
nanopowders are ferromagnetic below Tc = 318 K
(45 �C). Decrease in Tc compared to bulk is associated
with the milling process. These results are due to the
strength of the Ce-Ce magnetic interactions and
arrangements of the Mn magnetic moments. The
magnetic properties of bulk CeMn2Ge2 have been
previously studied by magnetic measurements (below
Tc), using Mössbauer and neutron diffraction tech-
niques.[9,11,12,14,21] Additionally, below the Curie tem-
perature, there is a small maximum in the FH curves for
both nanopowders at about 278 K (5 �C). This transi-
tion temperature, related to the transition temperature
(TC/C), which is also observed by magnetic measure-
ments in the bulk sample at 284 K (11 �C), arises from
canted ferromagnetic to conical ferromagnetic structure
of the Mn sublattice.[14]

The phase transition temperatures, Tc and TC/C, are
lower than that of bulk CeMn2Ge2 compound. Accord-
ing to Figure 4, TC/C peak can be more easily

Fig. 1—X-ray powder-diffraction patterns of bulk (crushed in agate
mortar) (a), 5-h ball-milled (b) and 10-h ball-milled (c) CeMn2Ge2 at
room temperature.

Table I. The Refined Unit Cell Parameters a, c and Volume

V for Bulk (Crushed Sample) and Nanopowders

Sample Type a (Å) c (Å) V (Å3)

Bulk 4.144(3) 10.931(2) 187.7(3)
5 h Milled 4.147(2) 10.943(2) 188.3(2)
10 h Milled 4.142(3) 10.925(2) 187.5(3)
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distinguished in the nanopowder than bulk alloy.[9] It
should be mentioned that changing the particle size
may change transition temperatures in other rare-earth
and magnetic compounds. For example, LaMn2Si2,

[18]

CoMnGe0.95Ga0.05,
[19] and NdMn2Ge2

[22] systems shows
similar tendency of decreasing Tc from bulk to
ball-milled compounds. It is also worth noting that
due to the reduction in the grain size and atomic
ordering at the surface, the obtained saturation magne-
tization value for the 5-hour-milled sample is almost half
of that for the 10-hour-milled one.

Magnetic field-dependentmagnetization,M(H), curves
for high-energy ball-milled powder samples are measured
aroundTc for the increasing anddecreasingmagnetic field
(Figures 5(a) and (b)). As shown in Figures 5(a) and (b),
the magnetization increases but do not rapidly saturates
at low magnetic field. The magnetic entropy change
around the magnetic transition temperature (Figure 6) is
calculated from M(H) curves using the integrated
Maxwell relation:

DSm ¼
ZH2

H1

@M

@T

� �
H

dH; ½1�

From which the magnetocaloric effect can be esti-
mated by numerical integration using the data in
Figures 5(a) and (b). The sign of DSm is negative for
all temperatures, indicating that conventional magne-
tocaloric effect is present, i.e., the sample heats when a
magnetic field is applied adiabatically as in the
NdMn2Ge2

[22] and SmMn2Si2
[23] alloys. The uncer-

tainty is estimated 5.0 pct in the determination of each
data in magnetic entropy change (Figure 6) for the
nanopowders.
The maximum values of |DSm| for ball-milled samples

are 2.45 and 1.30 J kg�1 K�1 for the 5- and 10-hour-
milled nanopowders under the magnetic field change of
1.8 T, respectively. 5-hour-milled nanopowders exhibit
larger |DSm| value in contrast to the bulk sample[24] with
lower temperature range (Figure 6, inset). In fact,
physical and magnetic properties of nanopowders arise
from unique interaction between particles. Conse-
quently, magnetocaloric properties can be controlled
by geometry and volume fraction of samples.
Magnetic refrigerants are required to display another

important characteristic parameter, namely the relative
cooling power (RCP). It is necessary to take into
account the RCP value which is determined by the

Fig. 2—SEM micrograph (a) and TEM micrograph (b) of 5-h ball-milled CeMn2Ge2 nanopowders.

Fig. 3—SEM micrograph (a) and TEM micrograph (b) of 10-h ball-milled CeMn2Ge2 nanopowders.
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peak value of the entropy change DSm and the full width
at half maximum (FWHM) of DT and written as

RCP ¼ �DSm � DTFWHM: ½2�

By using Eq. [2], RCP values are found to be 22.1 and
13.0 J kg�1 for an applied field of 1.8 T for 5- and
10-hour ball-milled samples, respectively. Considering
the fact that the observed magnetic entropy change
values with their magnitudes are quite important when
compared to the some other intermetallic bulk com-
pounds such as PrMn2Ge0.8Si1.2,

[25] Nd(Mn0.8Fe0.2)2
Ge2,

[26] and La0.65Ce0.35Mn2Si2,
[27] the obtained RCP

values around Curie temperature for investigated

ball-milled nanopowders are lower than those of bulk
PrMn2Ge0.8Si1.2,

[25] Nd(Mn0.8Fe0.2)2Ge2,
[26] and La0.65

Ce0.35Mn2Si2
[27] but very close to the reported 5-hour

ball-milled NdMn2Ge2
[22] alloy. Short-time heat treat-

ment or substitution of some other forth element to
change magnetic interaction between Mn-Mn atoms can
modify magnetic cooling properties.

IV. CONCLUSIONS

In conclusion, we have studied the effect of ball
milling time on the magnetic and magnetocaloric
properties of the CeMn2Ge2 sample. Saturation magne-
tization values, magnetic entropy changes, and RCP
values decrease considerably with increasing milling
time. According to TEM investigations, the particle size
of the nanoparticles changes from 15 to 23 and 8 to 18
nm for 5- and 10-hour-milled nanoparticles, respec-
tively. A peak is observed for both samples in M(T)
curves at about 278 K (5 �C) which is related to
magnetic structure for Mn sublattice, consistent with
previous experiments.[21] Furthermore, the observed
Curie temperature [Tc = 318 K (45 �C)] is indepen-
dent of the milling time. The magnetic entropy change
values of nanopowders are �2.45 J kg�1 K�1 and
�1.30 J kg�1 K�1 around TC at 1.8 T magnetic field
change for 5- and 10-hour samples, respectively. Also,
the relative cooling powers of investigated ball-milled
sample are 22.1 and 13.0 J kg�1 at 1.8 T for 5- and
10-hour samples, respectively.
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