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The magnetic domain evolution behavior under external field stimuli of tempera-
ture and magnetic field in PrMn2Ge0.4Si1.6 compound is investigated using Lorentz
transmission electron microscopy. A spontaneous 180◦ magnetic domain is observed
at room temperature and it changes with temperature. Dynamic magnetization pro-
cess is related to the rotation of magnetic moments, resulting in the transforming of
magnetic domains from 180◦ type to a uniform ferromagnetic state with almost no
pinning effects under the in-plane magnetic field at room temperature. X-ray powder
diffraction is performed on PrMn2Ge0.4Si1.6 at different temperatures to study the
temperature dependence of crystal structure and lattice parameter. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5006385

I. INTRODUCTION

The studies of RMn2X2 (R is a rare earth and X is Si or Ge) compounds have attracted a
great deal of attentions due to their layered crystal structure and interesting physical phenomena,
such as coupled magnetic and crystallographic transitions or valence-related transitions, super-
conductivity, heavy fermion and Kondo behaviour.1–7 The RMn2X2 alloys have a body centered
tetragonal ThCr2Si2-type structure with space group I4/mmm and exhibit a vast variety of mag-
netic structures and magnetic phase transitions with temperature, mechanical pressure or magnetic
field8–10 due to the fact that the magnetic states of Mn-sublattice are sensitive to the inter-planar
and intra-planar Mn–Mn distances.11–14 Four magnetic transitions are observed in pure PrMn2Ge2

phase below 500 K15,16 while one relatively simple antiferromagnetic transition exist below 368 K
in PrMn2Si2.17 The substitution of Si for Ge leads to a linear decrease of the lattice constants
and the magnetic state changes from the ferromagnetic ordering of PrMn2Ge2 to the antiferro-
magnetic ordering of PrMn2Si2 at room temperature due to the atomic size difference between
Si and Ge.16

The magnetic behaviors of PrMn2Ge2-xSix (x=0-2) compounds are governed by the strong depen-
dence of the magnetic couplings on the Mn–Mn spacing, resulting different magnetic states due to
compositional dependence of lattice parameters.16,18,19 For example, antiferromagnetism exits in the
samples with x >1.6 and the re-entrant ferromagnetism with co-existence of canted ferromagnetism
and antiferromagnetism is observed in the cases of x = 1.2 or 1.3 below the magnetic transition tem-
perature.16,18 Although the crystal structure and magnetic properties of various PrMn2Ge2-xSix (x =
0–2) compounds have been investigated by X-ray powder diffraction, AC susceptibility, differential
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scanning calorimetry, and Neutron diffraction, the detailed magnetic domain evolution near the phase
transition remain elusive.16,18

Two magnetic phase transitions above room temperature and a canted antiferromagnetic struc-
ture at room temperature are expected in PrMn2Ge0.4Si1.6 based on previous report.18 Although the
magnetic transition is evident in magnetic measurements at ∼282 K, no ferromagnetic component
is detected below 282 K from the neutron diffraction patterns,18 similar to PrMn1.2Fe0.8Ge2.20,21

Thus, studying the magnetic domain structures during in-situ magnetization and phase transforma-
tion will provide a fruitful playground for the exploration of fundamental physics of this anomaly
phenomenon. In this study, the evolution of the magnetic domains and the crystal structures induced
by temperature are investigated in PrMn2Ge0.4Si1.6 alloy by means of in situ Lorentz transmission
electron microscopy (LTEM) and X-ray diffraction, respectively. Moreover, the dynamic behavior
of the magnetic domain walls under the in-plane magnetic field is demonstrated at room tem-
perature using LTEM providing enhanced understanding of magnetic phases in PrMn2Ge0.4Si1.6

alloy.

II. EXPERIMENTAL

Polycrystalline PrMn2Ge0.4Si1.6 is prepared by arc melting technique in high-purity argon atmo-
sphere. The thin plate for LTEM observation is cut from the polycrystalline ingot and thinned by
mechanical polishing and argon ion milling. The details of the preparation and other magnetic prop-
erties will be reported elsewhere. To image the magnetic domain configuration, a JEOL-dedicated
LTEM is used with almost no remnant magnetic field around the sample. In situ TEM observations
of magnetic domain evolution under external fields are conducted using a liquid-nitrogen TEM sam-
ple holder (100–300 K) and an in-plane magnetization holder. With the use of the Fresnel LTEM
method, the magnetic domain walls can be imaged as bright contrast (converge beam) or dark con-
trast (diverge beam). The high-resolution in-plane magnetization distribution map is obtained using
the commercial QPt software based on the transport of the intensity equation (TIE). The magnetic
properties are measured by a superconducting quantum interference magnetometer (SQUID-VSM).
The crystal structure of the samples is checked by X-ray powder equipped with Cu-Kα radiation over
the temperature range 4–300 K.

III. RESULTS AND DISCUSSION

The temperature dependence of magnetization in an external field of 10 mT for PrMn2Ge0.4Si1.6 is
shown in Fig. 1(a). The change of magnetization is obvious as the temperature decreases, consistent
with previous results.18 A strong splitting between zero field-cooled (ZFC) and field-cooled (FC)
magnetizations is observed, which may result from the occurrence of different domain configurations
due to the external magnetic field-induced reorientation to the ferromagnetic components, similar
to Pr1-xTbxMn2Ge2 with x ≤ 0.6 and La1-xRxMn2Si2.22,23 The 1/χ–T (inversion of susceptibility
versus temperature) indicates notable ferromagnetism near room temperature. Moreover, the magnetic
hysteresis behavior is detected as shown in the inset of Fig. 1(b). Such features could be interpreted
due to the presence of ferromagnetism. X-ray diffraction patterns for PrMn2Ge0.4Si1.6 at selected
temperatures are shown in Fig. 1(c), and the temperature dependence of lattice constant a derived
from X-ray diffraction patterns exhibits non-linear behavior shown in Fig. 1(d). It can be seen that the
lattice constants at high temperatures are larger than 4.06 Å, which roughly indicates that the interlayer
coupling of Mn is ferromagnetic. The magnetic coupling is expected to be antiferromagnetic when
the lattice constant is smaller than 4.06 Å. This behavior corresponds well with the anomaly change
of the M–T curve (Fig. 1(a)), which may indicate strong coupling between the magnetism and the
crystal lattice.16,18,24

Under the isothermal condition, magnetic entropy change can be calculated by Maxwell rela-
tion of: ∆SM =∫

H
0

∂M
∂T dH . The temperature dependence of ∆SM for PrMn2Ge0.4Si1.6 compound

is shown in Fig. 2. A large peak around room temperature is clearly indicated. According to the
characteristic of M–T curve, the value of dM/dT is positive within the range of 120–250 K. As
a result, positive ∆SM is observed within a large range of temperature, which can be kept even
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FIG. 1. (a) Temperature dependence of the magnetization (M–T curve) measured in an applied field of 10 mT. Inset shows
the 1/χ�T (inversion of susceptibility versus temperature) and the Curie–Weiss fitting (red line). (b) Magnetization vs. field
(M–H curve) measurement at 300 K. The magnetic loop near the zero magnetic fields is enlarged shown in the inset. (c) X-ray
diffraction patterns at selected temperatures. (d) Temperature dependence of lattice constant a.

the field change is as high as 0–5 T, indicating the antiferromagnetic ground state. These results
imply that PrMn2Ge0.4Si1.6 compound is ferromagnetic ordered state at room temperature and it
undergoes a magnetic phase transition from ferromagnetism to antiferromagnetism while lowering
temperature.

The in-situ cooling experiment from 290 to 125 K is displayed in Figure 3. At room temperature,
a spontaneous 180◦ magnetic domain structure with a periodicity of ∼ 300 nm is observed (Fig. 3(a))
with the corresponding in-plane spin texture obtained by TIE shown in Fig. 3(b), where the blue and
red regions correspond to anti-parallel magnetization distribution. When decreasing the temperature,
the magnetic domains broaden first (Fig. 3(c)) and then break at the locations where the domains nar-
row faster as shown in Fig. 3(d) and 3(e). Simultaneously, the magnetic domains begin to disappear in
an order from the top of the viewed area. As the temperature decreases further, the magnetic domains

FIG. 2. Temperature dependences of ∆SM at different applied magnetic field change intervals for PrMn2Ge0.4Si1.6.
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FIG. 3. Under-focused LTEM images for the temperature dependence of magnetic domain evolution in PrMn2Ge0.4Si1.6.
(a) The spontaneous magnetic domains at 290 K and (b) the corresponding in-plane magnetic textures obtained by TIE
analysis with the magnitude and orientation of the magnetization depicted by arrows and the colors for the selected rectangle
area. (c)–(f) Magnetic domain evolution as the temperature decreases from 253 to 125 K. The temperature dependence of
magnetic domain width is summarized in the inset of (f).

completely disappear and a uniform contrast is formed (Fig. 3(f)). The inset of Fig. 3(f) summarizes
the temperature dependence of domain width based on the LTEM images of Fig. 3. The character-
istics of the magnetic domain change is similar to a magnetic transition from a ferromagnetism to
an antiferromagnetism.18,19,22–25 The anomaly detected in the magnetization measurements about
280 K (Fig. 1(a)) may be caused by the presence of ferromagnetic phase around room tempera-
ture.22,26 As temperature decreases, ferromagnetic components reduce due to the ferromagnetic-
antiferromagnetic transition25,27 and resulting in the change of magnetic domain structure shown
in Fig. 3.

Finally, we try to observe the magnetization dynamics through the domain wall motion driven
by in-plane magnetic field. The magnetization process accompanied by annihilation and nucleation
of domain walls has been captured by in situ LTEM at room temperature. The magnetic domain
evolution under an in-plane magnetic field is shown in Fig. 4. The magnetic domain is scrutinized
before switching on the magnetic field (Fig. 4(a)) and the magnetization directions are indicated by
red and white arrows. As the magnetic field is increased, domain wall motion is initiated and the
domains with the magnetic moment aligning along the red arrow become large and the area fraction
of the opposite domains is reduced as shown in Fig. 4(b). While further increasing the magnetic field,
the domains with the direction of white arrow release from the grain boundary, shrink to the center
of the sample (Fig. 4(c)) and then disappear at 16.6 mT (Fig. 4(d)). The magnetic field dependence
of the domain width along the white arrow direction is summarized in the inset of Fig. 4(e) based
on the LTEM observation, which shows the domain width decreases as the magnetic field increase.
The magnetic domains totally disappear into a uniform contrast as the magnetic field is increased to
25.3 mT as shown in Fig. 4(e), which correspond to a saturated magnetization state. The reduction
of the magnetic field is necessary to study the domain nucleation. As the magnetic field is decreased
to 16.7 mT after saturation, the magnetic domain nucleates at the marked location in Fig. 4(f). The
domain wall prefers to initiate nucleation from the middle of the sample similar to the position where
the domain walls disappear lastly. Little pining at boundaries are observed during the magnetization
and a relative low magnetic field of 25.3 mT can saturate the sample magnetization, which consists
with the feature of M–H curve with low coercivity.



056801-5 Zuo et al. AIP Advances 8, 056801 (2018)

FIG. 4. Real-space LTEM images showing the magnetic field dependence of magnetic domain evolution in PrMn2Ge0.4Si1.6
at room temperature. Under-focused LTEM images recorded by increasing the in-plane magnetic field to (a) 0, (b) 7.4,
(c) 8.5, (d) 16.6, (e) 25.3 mT, and then decreasing magnetic field to (f) 16.7 mT. The inset of (e) summarizes the width
change of magnetic domain with the magnetic moment aligning along the white arrow direction under the magnetic fields.
The magnetic domain is marked out with a white ellipse in (f). The red and white arrows indicate magnetization direction.
The direction of the in-plane magnetic field is indicated by a blue arrow.

IV. CONCLUSIONS

In summary, magnetic domain evolutions under the stimuli of the temperature and in-plane
magnetic field are clearly demonstrated in PrMn2Ge0.4Si1.6 alloy via real-space LTEM imaging. The
spontaneous 180◦ magnetic domain is observed at room temperature due to the presence of ferromag-
netism. The magnetic domains significantly change with decreasing temperature and disappear at low
temperature. Moreover, little pinning is observed during magnetization process, which may associate
to the characteristic of ferromagnetic state at room temperature and accord with the magnetization
curve.
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