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So far, TmsGe4 compound is the last one in RsGe4 (R= rare earth elements with magnetic
moments) compounds family (exclusive of Pm and Eu) whose magnetic properties are
still unknown. We prepare high quality TmsGe, compound, and report the detailed crystal
structure and magnetic properties. TmsGey crystallizes in the SmsGey-type orthorhombic
structure at room temperature, and orders antiferromagnetically at 7'y=13 and Ty=21 K,
respectively. The paramagnetic Curie temperature of TmsGey is positive (6,=16 K), and
the effective magnetic moment (p.;=7.4 ug/Tm) is in good agreement with the theoretical
value of 7.56 pg/Tm’". The ac susceptibility of TmsGe; shows obvious frequency
dependence behaviors suggesting the existence of ferromagnetic cluster in the
antiferromagnetic substance. According to the magnetic hysteresis loop, the intrinsic

coercivity of TmsGey is 2616 Oe at 2 K. TmsGe, exhibits oscillating magnetocaloric
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effect owing to a metamagnetic-like transformation induced by a critical magnetic field

below 21 K.
1. Introduction

The pseudobinary Rs(Si,Ge)s (R=rare earth elements) compounds form an
extraordinary large family, and have received considerable attention due to their unique
magnetic properties, e.g., giant magnetocaloric effect (MCE) ,"? magnetostritive effect,’
magnetoresistence effect,” and Griffiths-like phase behavior. ®7*? Depending on the
different bonding types between the slabs (each slab represents half of the unit cell along
the longest b-direction and is infinite in the a- and c-directions), Rs(Si,Ge)s compounds
can form GdsSis-type orthorhombic structure (space group: Pnma), GdsSi,Ge-type
monoclinic structure (space group: P112,/a), SmsGes-type orthorhombic structure (space
group: Pnma) and TmsSi>Sby-type orthorhombic structure (space group: Cemb).'® !
Usually, the magnetic moments of rare earth atoms that belong to the same slab are
aligned ferromagnetically (FM) in the c-direction. The direction of the moments may be
reversed from one slab to another in the antiferromagnetic (AFM) structure, while the
directions of the moments are the same in all slabs in the FM structure. Furthermore, the
crystallography and magnetism in Rs(Si,Ge)s compounds are found to be closely related.
The FM orderings usually appear when all slabs are interconnected (GdsSis-type
structure), while AFM orderings can be observed in some compounds with SmsGey-type
orthorhombic structure in which none slab is interconnected. The paramagnetic (PM)
states can exist when none (SmsGey-type structure), one-half (GdsSi,Ge,-type structure),
or all (GdsSiy-type structure) slabs are interconnected.'® ' For many Rs(Si,Ge)s

compounds, magnetic phase transitions coupled with crystal structure transformation are
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observed, and can be controlled by magnetic field, temperature, pressure, as well as
elemental substitution.' 1% 1314

Among pseudobinary RsSiyGesx compounds, the parent compounds RsGey usually
show very complex magnetic phase diagrams and interesting magnetic behaviors. So far,
no proof indicates that Pm and Eu can combine with Ge to form 5:4-type compounds.
Although the crystal structure of TmsGe; compound have been reported in past, ' '® it is
still the last one in RsGes compounds family whose magnetic properties are unknown.
RsGes compounds often show some common features. Most of RsGes (R=rare earth
elements with net magnetic moments) compounds crystallize in SmsGes-type structures,

11, 15,17, 18,19, 20, 21, 22, 23, 24, 25, 26,27, 28, 29, 30 It is

and show AFM order at low temperature.
interesting that the ground states of RsGe;s may be FM, but the development of the
equilibrium FM ordering were inhibited by a kinetic arrest of the first-order AFM-FM
transition. *' In addition, first-order magnetostructural phase transition from AFM
ordering (SmsGey-type orthorhombic structure) to FM ordering (GdsSig-type
orthorhombic structure) can be induced by the application of either magnetic field, or
hydrostatic pressure. Note that CesGes and YbsGey are two exceptions. The SmsGes-type
CesGes compound is FM ordering below 12 K, 32 and the GdsSis-type YbsGey
compounds is AFM ordering below 3.2 K.**

Although the magnetic properties of TmsGes compound are still unknown, the
magnetic properties of the single crystal TmsSi,Ge, ** have been studied. TmsSi,Ge,
showed AFM ordering along the b-axis below ~8 K with the FM coupled magnetic

moments in the a-c plane. 3* The previous report had confirmed that TmsGes compound

could be frabricated by arc-melting, and crystallized in SmsGes-type orthorhombic
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15,16
structure. ™

However, it is not easy to obtain high quality TmsGes compound by arc-
melting method due to serious volatility of Tm and the perverse impurity phases of
Tm;;Ge;p and TmsGe; which have very close chemical compositions. The synthesis
method needs to be further studied in order to guarantee the high quality of TmsGey
sample, and the magnetic properties of TmsGe4 need to be uncovered in order to gain a
complete understanding of the magnetism of RsGes compounds family.

In this work, we used induction furnace to prepare high quality TmsGes compound.
The detailed crystal structure, magnetic properties, and phase transitions of TmsGes were
investigated by x-ray powder diffraction (XRD), magnetic, and heat -capacity

measurements. We also measured the ac magnetic susceptibility and confirmed the

existence of the magnetic cluster in TmsGes.
2. Experimental details

Polycrystalline TmsGes sample was prepared by induction-melting of pure metals
using a multi-step procedure. Tm metal was obtained from the Materials Preparation
Center of the Ames Laboratory and its purity was exceeding 99.99 wt.% with respect to
all other elements in the Periodic Table. > Ge element was bought from commercial
vendor, and its purity was 99.9 wt.%. Excess amount of Tm (2 at.%) was added to
compensate the evaporation lost during the induction-melting. The pure metals were
sealed in a tantalum crucible (length 45mm, diameter 9.5mm) in helium atmosphere. The
mixture was melted at 2133 K for 7 mins, cooled down to 1195 K (holding for 1 hr),
further cooled down to 1123 K (holding for 2 hrs), then cooled down to 973 K (holding

for 2 hrs) before finally powering off the induction furnace.
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A single phase TmsGes sample with SmsGes-type orthorhombic structure (space
group Pnma) was confirmed by XRD study at room temperature performed on a Philips
PANalytical powder diffractometer employing monochromatic Cu Ka,; radiation. The
lattice parameters were determined by performing Reitveld refinement using Rietica-
LHPM. *® The content of the minor phase TmsGe; is ~2 wt.%. The dc and ac
magnetization measurements were performed using a Quantum Design magnetic
properties measurement system (MPMS) and physical properties measurement system
(PPMS). Heat capacity measurement was conducted using PPMS. MCE (isothermal

entropy change) was calculated from the heat capacity data by

X dT where S is the total entropy change, T is temperature,

using AS(T') = IT Cu (T); G @)

H is magnetic field, and C is heat capacity.
3. Results and discussion

The observed and calculated room-temperature XRD patterns of TmsGes are
displayed in Fig.1(a). The SmsGes-type orthorhombic structure of TmsGes compound is
shown in Fig. 1(b). The refined structural parameters are summarized in Table I. The
refined lattice parameters are a=7.4564(2) A, b=14.3234(5) A, ¢=7.5320(2) A, and unit
cell volume V= 804.4(4) A’ which are in agreement with the previous report.'® The
distance of Ge atoms between the slabs, as represented in Fig.1(b), are 4.4 and 3.5 A,
respectively, indicating no chemical bonds between the slabs.

As mentioned in introduction part, ErsGe; compound adopts SmsGes-type
structure,30 and YbsGes compound crystallizes in GdsSis-type structure.™> Nevertheless,
both ErsGes and Ybs;Ges show AFM order. 30,33 Therefore, it is interesting to study the
case of TmsGey in order to reveal the variation tendency of magnetic behaviors between

5
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ErsGes and YbsGe, compounds. The temperature dependence magnetizations of TmsGey
measured in zero-field-cooled warming (ZFC), field-cooled cooling (FCC), and field-
cooled warming (FCW) protocols are shown in Fig. 2. Unlike ErsGe4 with only one AFM
ordering,*® TmsGe4 shows a peak at 21 K corresponding to AFM ordering temperature Ty
and an additional peak at 13 K suggesting another possible AFM ordering temperature
T’y in a magnetic field of 50 Oe, as shown in Fig. 2(a). The hollow between two peaks
appears at 18 K. Above the antiferromagnetic transition temperature, 7x=21 K, the ZFC,
FCC, and FCW curves are identical. However, significant differences including
irreversible thermomagnetic behavior are observed below Ty (see inset of Fig.2a). Insets
of Fig. 2(a) and 2(b) enlarge the phase transition region ranging from 14 to 24 K and 13
to 24 K, respectively. Noticeable hysteresis between the FCC and FCW curves suggest
that the transition observed near 18 K is a first-order phase transition.”” The first-order
nature of this transition was also identified in the behavior of heat capacity. The inverse
magnetic susceptibility of TmsGes obeys the Curie-Weiss law. The obtained
paramagnetic Curie temperature 6, is +16 K, and the effective magnetic moment p.y is
7.4pup/Tm which is in good agreement with the theoretical value of 7.56 pg/Tm’". The
positive 6, indicates that ferromagnetic interactions are dominant in the ground state.
This result is similar to GdsGes which is found to order antiferromagnetically at 127 K
but with a positive paramagnetic Curie temperature of 94 K due to the competing
exchange interactions present in this compound.® Magnetic field can drive Ty of
TmsGes moving downward to lower temperature, and reaching 8 K at 1 kOe and 5 K at
10 kOe, respectively. This behavior indicates that the magnetic ordering at Ty is AFM.

The peak at 21 K will disappear when the magnetic field is higher than 10 kOe. Thermal
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hysteresis behavior and peak cannot be observed in M-T curves any more in 50 kOe
magnetic field, and TmsGe4 changes into a FM state in that condition. Now we win a
whole picture of RsGes compounds. RsGes compounds (R= Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm) crystalize in SmsGey-type orthorhombic structure, while YbsGe, crystallize
in GdsSis-type orthorhombic structure. RsGes compounds (R= Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, Yb) exhibit AFM orderings, while CesGe4 shows FM ordering.

Figure 3 presents the ac magnetic susceptibility at different frequencies under zero
dc magnetic field and 5 Oe ac magnetic field. The real component of ac susceptibility
shows a peak at 22.4 K which is corresponding to Ty, see Fig.3(a). No peak is observed at
13 K in the real component of ac susceptibility, but a peak appears at 8.8 K at 10 Hz
which coincides with 7'y observed in the temperature dependence of magnetization at 1
kOe, see Fig. 2(b). The peak at 8.8 K is almost unchanged till the frequency increases to
2997 Hz, but the magnitude reduces with the increase of frequency. The imaginary
component of the ac magnetic susceptibility only shows a peak at 11 K (10 Hz) which
increases and shifts upward to 12.8 K at 2997 Hz, as shown in Fig.3(b). The notable
frequency dependence of ac susceptibility observed below 22.4 K suggests the existence
of FM cluster embedding in the AFM substance. The spin glass usually originates from
the magnetic frustration or crystal disorder, and also can show the frequency dependence
of ac susceptibility.***** #2434 The frequency sensitivity K=AT//[T/Alog(2nf)] can be
used to determine the presence of spin-glass phase where 7y is spin-glass transition
temperature and f is the frequency of ac susceptibility.””*' K of TmsGe, at T'y (taken as

the peak in M’’) is about 0.04 which is higher than the conventional spin-glass system
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(0.005-0.01).*" Apparently, the possibility of spin glass is excluded because there is no
magnetic frustration or crystal disorder in TmsGes compound.

Figure 4 shows the magnetic hysteresis loop and isothermal magnetization of
TmsGes. The magnetic hysteresis loop at 2 K is symmetric, as shown in Fig.4(a). The
intrinsic coercivity is 2616 Oe. Figure 4(b) shows the isothermal magnetization from 3 K
to 39 K. TmsGes4 shows complex behavior in the low magnetic field region due to the
AFM orderings. The magnetizations increase on heating, then decrease with further
increasing temperature, and finally increase again with increasing temperature. Taking
into account the behaviors shown in M-T and M-H curves, TmsGes compound exhibit the
metamagnetic-like transformation (AFM—FM) in a critical magnetic field around 6 kOe
at 3 K. The critical magnetic field will decrease on heating.

Figure 5a show the heat capacity of TmsGes as a function of temperature and
magnetic field. Unlike the complex magnetic properties, the heat capacity data show very
simple behavior. The lambda-type anomaly, observed in zero magnetic field around 21
K, corresponds to the AFM ordering temperature 7) which is observed at the same
temperature in the low magnetic field dc magnetization data. Behavior of the heat
capacity in nonzero magnetic fields is consistent with the isothermal magnetization of
TmsGes, and the lambda-type peak slightly shifts downward with increasing magnetic
field suggesting a metamagnetic-like transformation. The peak changes into broaden and
smooth in 20 kOe magnetic field. There is no anomaly observed at Ty in heat capacity
curve suggesting the near zero energy difference between AFM and FM states. The MCE
feature also provides a useful tool to probe the phase transitions and magnetic states in

complex magnetic systems.45 Figure 5b show the total entropy change calculated from
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heat capacity data. TmsGes shows oscillating MCE behavior, and the entropy change
peaks for a magnetic field change AH=20 kOe appear at 7 K (-1.4 J/kg K) and 17 K (1.0
J/kg K), respectively. MCE of TmsGes is associated with the metamagnetic-like
transformation induced by magnetic field.

4. Conclusions

TmsGes compound crystallizes in SmsGes-type orthorhombic structure, and show
complex AFM ordering at 7y=21 K and T y=13, respectively. AFM ordering will change
into FM ordering in 50 kOe magnetic field. The ac susceptibility measurements confirm
the AFM ordering, and show obvious frequency dependence behaviors suggesting the
existence of FM cluster. Magnetic hysteresis loop shows symmetric characteristic, and
the intrinsic coercivity at 2 K is as large as about 2616 Oe. According to the specific heat
measurements, a small and lambda-like peak is observed at 21 K confirming the AFM
ordering temperature 7y. TmsGe, compound exhibits a metamagnetic-like transformation

when the magnetic field exceeds a critical value leading to obvious oscillating MCE.
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Table 1. Crystallographic parameters of TmsGe4 at room temperature (RT).

atom x/a y/b z/c Bowerat (A%)  occupancy
TmsGes @RT _ Tml(dc)  0.2045(6) /4 20.0001(6) __ 0.336(7) 0.50
Tm2(8d)  0.02504)  0.0988(2)  0.6812(4)  0.336(7) 1.00
Tm3(8d)  0.3739(4)  0.12032)  03382(4)  0.336(7) 1.00
Gel(de)  0.0727(1) 1/4 03856(1)  0.336(7) 0.50
Ge2(de)  0.3354(1) 1/4 0.6418(1)  0.336(7) 0.50
Ge3(8d) 0.2175(9) 0.0463(4) 0.0263(9) 0.336(7) 1.00
Sm;Geg-type =7 45642) A, b=14.3234(5) &, c=7.5320(2)A, V=804 4(3) A°
(S.G. Pnma) Rp=12.08, Rwp=15.23, Rexp=4.04, y’=14.25
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FIG.1. (Color online) (a) The observed and calculated powder XRD patterns of TmsGes.

(b) The SmsGey-type orthorhombic structure of TmsGes.
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FIG.2. (Color online) The ZFC, FCC and FCW temperature dependence of the
magnetizations of TmsGes measured in different magnetic fields. Insets of (a) and (b)

enlarge the phase transition region ranging from 14 to 24 K and 13 to 24 K, respectively.
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FIG.3. (Color online) (a) The real components of ac magnetic susceptibility measured as

a function of temperature and frequency on heating. (b) The imaginary components of ac

magnetic susceptibility.
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FIG.4. (Color online) (a) The magnetic hysteresis loops of TmsGe4 measured in ZFC
conditions. The initial magnetization curves are marked in red color. (b) Isothermal
magnetizations versus applied magnetic field where the magnetizations are measured

under an increasing magnetic field.
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FIG.5. (Color online) (a) The heat capacity of TmsGes measured as a function of
temperature and magnetic field. (b) The entropy change calculated by heat capacity data

in AH=20 kOe magnetic field.
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