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The crystal structure, magnetic and magnetocaloric characteristics of the pseduo ternary compounds of

Tb5Ge2−xSi2−xMn2x (0 ≤ 2x ≤ 0.1) were investigated by x-ray powder diffraction and magnetization measurements.

The x-ray powder diffraction results show that all compounds preserve the monoclinic phase as the majority phase

and all the synthesized compounds were observed to be ferromagnetic from magnetization measurements. Magnetic

phase transitions were interpreted in terms of Landau theory. Maximum isothermal magnetic entropy change value

(20.84 J · kg−1 ·K−1) was found for Tb5Ge1.95Si1.95Mn0.1 at around 123 K in the magnetic field change of 5 T.
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1. Introduction

The term magnetocaloric effect (MCE) refers to

a reversible change of temperature resulting from a

change in the magnetization of a magnetic material,

which was first observed by Warburg in 1881 on sam-

ples of iron.[1] In a material displaying MCE, the align-

ment of randomly oriented magnetic moments by an

external magnetic field results in heating of the mate-

rial. If the magnetic field is subsequently turned off,

the magnetic moments randomize again, which leads

to cooling of the material.

Over the years, study of MCE in magnetic ma-

terial has developed into an efficient tool to under-

stand the correlations between magnetic, structural

and thermal properties. Recent studies on the MCE

of various materials affirm that a high value of MCE

is the most important requirement for the use of the

material in magnetic refrigeration applications.

MCE of Gd5(Si,Ge)4,
[2] MnFe(P,As,Ge)[3] and

H-treated La(Fe,Si)13
[4] have been extensively stud-

ied due to their potential use for magnetic refrig-

eration applications. These compounds undergo a

first-order phase transition and exhibit large MCE.

R5Si2Ge2 compounds show interesting magnetic prop-

erties along with large MCE values with magneto-

structural transition near room temperature.[5,6] A

martensitic like, displacement of structural transi-

tion from an orthorhombic to a monoclinic phase (at

about 276 K) occurs simultaneously with the fer-

romagnetic phase to paramagnetic phase transition

(at about 299 K). Reverse transformations are ob-

served with decreasing temperature. Tb is next to

Gd in the periodic table of elements and has a very

similar behaviour as Gd in the Gd5(SiGe)4 families

with a magneto-structural transition near liquid ni-

trogen temperatures.[7−11] Morellon et al.[7] worked

about magnetocaloric effect in Tb5Si2Ge2 alloy and

they have found that in an external magnetic field

of 5 T a large entropy change of 21.8 J · kg−1 ·K−1 is

achieved at a first-order para- to ferromagnetic transi-

tion, TC = 105 K. Tegus et al.[9] studied the magnetic

and magnetocaloric properties of the Tb5Si2Ge2 al-

loy. They reported a Curie temperature TC of 76 K,

under an applied magnetic field of 0.05 T. The maxi-

mum value of magnetic entropy change that they have

observed in an external magnetic field of 5 T was

19.5 J · kg−1 ·K−1.

In our previous studies on the alloying of

Tb5Si2Ge2 with Fe, Pb and Sn[12,13] we found that

by Fe alloying, the first order transition is suppressed

and the samples show only second order phase transi-

tions; with no change of the Curie temperature TC and

the isothermal magnetic entropy change. The max-

imum entropy change, refrigerant capacity, and the

relative cooling power of Tb5Si1.975Ge1.975Fe0.05 at a
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magnetic field change of 5 T was 13.28 J · kg−1 ·K−1,

461.82 J · kg−1 and 511.65 J · kg−1, respectively. The

M(H) measurements at temperatures around TC show

hysteresis losses for Tb5Si2Ge2 which was not ob-

served for the Fe alloyed samples. In the Pb and

Sn alloyed compounds, the structural and magnetic

phase transitions occur in a wide temperature range

with respect to the parent alloy. According to the x-

ray diffraction data, the unit cell parameters for Pb

and Sn alloyed compounds were increased with alloy-

ing proportion as expected. As a result of this in-

crease in the unit cell parameters the exchange in-

teraction between magnetic atoms are reduced and

consequently both the crystal structure and magnetic

structure are significantly affected. It is a well-known

fact that, rapid change of magnetization with temper-

ature is a favourable property to obtain Giant MCE

(GMCE). The magnetic and structural transitions of

Pb and Sn alloyed compounds occur rather gently in

comparison to parent alloy, thus lower magnetic en-

tropy change values with respect to parent alloy were

obtained. The maximum |∆SM | values observed for

Tb5Si1.975Ge1.975Pb0.05 and Tb5Si1.975Ge1.975Sn0.05
were 11.27 J · kg−1 ·K−1 and 5.83 J · kg−1 ·K−1 at 5 T,

respectively.

The influences of Mn that is included in the

structure,[14] substitution on the phase formation, the

Curie temperature, and the isothermal magnetic en-

tropy change of the Tb5Si2Ge2 compounds are dis-

cussed in this paper. Moreover, we also compare the

results of Mn doping in Tb5Si2Ge2 compound with our

earlier studies on the doping with Fe, Pb and Sn.[12,13]

2. Experimental

Polycrystalline Tb5Ge2−xSi2−xMn2x compounds

with 2x = 0, 0.08 and 0.10 were prepared by arc-

melting in argon atmosphere with Tb (99% purity), Si

(99.95%), Ge (99.99%) and Mn (99.95%). The melt-

ing process was repeated five times to ensure mate-

rial homogeneity. After arc-melting, the resulting in-

gots were sealed in quartz tubes under vacuum and

annealed at 900 ◦C for 24 hours. The x-ray powder

diffraction data of the samples were collected between

25◦ to 60◦ (2θ) at room temperature using a Rigaku

D-Max 2200 diffractometer. The magnetization mea-

surements were carried out in a Quantum Design

Physical Properties Measurements System (PPMS).

TC were determined from magnetization versus tem-

perature measurements carried out in an applied field

of 5 mT. The magnetizations of the samples were

first measured in the zero-field-cooled (ZFC) mode,

whereby the samples were first cooled from 250 K to

5 K in the absence of magnetic field. Then, the mag-

netic field was applied and the temperature was in-

creased to 250 K. Subsequently, without removing the

field, field-cooled (FC) measurements were made by

decreasing temperature back to 5 K. As the last step,

again without removing the field, the magnetization

was measured in a field-heated (FH) mode by increas-

ing temperature. Magnetization versus magnetic field

data was collected while the applied magnetic field

was increasing from 0 to 5 T around the transition

temperature with 5 K temperature increment steps.

The magnetocaloric effect is numerically calcu-

lated from the magnetization versus magnetic field

data using the integrated Maxwell relation

∆SM =

∫ T2

T1

(
∂M

∂T

)
H

dH, (1)

using the numerical expression:[15]

∆SM

=
1

2δT

(
δM1δH1 + 2

n−1∑
k=1

δMkδHk + δMnδHn

)
, (2)

where δT = Tk − Tk−1 is the temperature interval be-

tween two isotherms, n is the number of points that

are measured for the two isotherms with the magnetic

field changing by δM and δH is the difference in the

magnetization from (1) to n and T = (Tk + Tk−1)/2.

3. Results and discussion

3.1. Structural properties

The x-ray diffraction patterns of Tb5Ge2−xSi2−x

Mn2x (2x = 0, 0.08, 0.10) compounds at room tem-

perature are shown in Fig. 1.

Each phase is indicated with a different mark.

The major phase of compunds is monoclinic with the

space group P 1121/a. However there are some im-

purity phases with orthorhombic Tb5Si4, hexagonal

Tb5Si3 and hexagonal TbGe crystal structure mostly

from impurities related with the rare earth element.[16]

For this kind of R5Z4 structures (R: Rare Earth, Z:

Si, Ge) the covalent bonds between Si–Si, Si–Ge and

Ge–Ge atoms and the length of these bonds define the
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Fig. 1. The powder x-ray diffraction patterns of

Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10) compounds at

room temperature (a) observed and (b) calculated from

International Centre for Diffraction Date (ICDD) cards.

fundamental magnetic and structural properties.[17]

Unit cell parameters and unit cell volume of

Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10) are given

in Table 1. The unit cell volume decreases with the

increase of Mn content.

In R5(SiGe)4 systems the magnetism of 4f states

are explained by indirect Rudermann-Kittel–Kasuya–

Yosida (RKKY) interactions. RKKY indirect 4f–4f in-

teraction, which is the main magnetic exchange mech-

anism in 4f intermetallic compounds, is expected to

be supplemented in Tb5Si2Ge2 by direct interlayer

superexchange over the Tb–(Si/Ge)(Si/Ge)–Tb bond-

ing connecting the slabs.[17] As the Mn content is in-

creased the Tb–(Si/Ge)(Si/Ge)–Tb bond lengths are

reduced as a consequence of the decrease in unit cell

volume, whence the Tb–Tb exchange interaction is

increased. Unit cell volume, Tb–(Si/Ge)(Si/Ge)–Tb

length and isotropic magnetic entropy change shown

in Fig. 2. The results show that, there could be a lin-

ear relation between the Tb–(Si/Ge)(Si/Ge)–Tb bond

lengths and the isotropic magnetic entropy change.

Fig. 2. The Unit cell volume, the distance between

the Tb–(Si/Ge)(Si/Ge)–Tb atoms and magnetic entropy

change versus Tb5Ge2−xSi2−xR2x compounds.

Table 1. The lattice parameters and unit cell volumes of Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08,

0.10) compounds. (1 Å = 0.1 nm).

2x a/Å b/Å c/Å γ/(◦) V /Å3

0 7.8444 (4) 14.8526 (6) 7.6234 (1) 93.0771 (2) 886.91 (2)

0.08 7.8102 (2) 14.8221 (5) 7.6004 (3) 93.0323 (2) 878.84 (3)

0.10 7.7803 (2) 14.8011 (5) 7.5843 (3) 93.0564 (3) 873.45 (2)

3.2.Magnetic properties

The results of the temperature dependent magnetization measurements M(T ) are given in Fig. 3. Curie

temperatures (TC) of the samples are estimated from the inflection point in M(T ). TC’s for all compounds

are shown by vertical arrows in Fig. 3. The spin reorientation temperature (Tsr) is also found for all samples

and given in Table 2. Both TC and Tsr increase with the increase of Mn content. The values obtained for the

Tb5Ge1.95Si.195Mn0.1 compound are TC = 123 K and Tsr = 102 K.
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Fig. 3. The field cooled (FC), zero field cooled (ZFC),

field heated (FH) curves in magnetic field of 5 mT for

Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10) compounds.

M(T ) measurements were done in the ZFC, FC

and FH sequence. For all samples the ZFC and

FC data separate from each other below magneto-

structural transition temperature, which can be ex-

plained by wall pinning of the magnetic domains oc-

curring in these systems.[11] FC and FH data re-

veals that, the more thermal hysteresis, the more Mn

amount we added. This thermal hysteresis increment

is of benefit to structural phase transition and besides

whether the more this increase grows, the more the

intensity of the structural phase transition is.[18] For

instance, the thermal hysteresis of 2x = 0 smaple

is 2 K whilst it is about 7 K for 2x = 0.10 sam-

ple. Magnetic field dependent magnetization mea-

surement values near the transition temperatures of

Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10) compounds

are given in Fig. 4. The magnetization values of com-

pounds increase with the Mn content increase which

is related to the increase of ferromagnetic ion density.

In order to determine the type of the magnetic

transition we have drawn the Arrott plots (M2 vs

H/M) as shown in Fig. 5. The S-shaped (negative

Fig. 4. Isothermal magnetization curves for Tb5

Ge2−xSi2−xMn2x (2x = 0, 0.08 and 0.10) compounds

measured around TC and in the magnetic field range of

0–5 T.

Fig. 5. The Arrott Plots of compounds Tb5Ge2−x

Si2−xMn2x (2x = 0, 0.08, 0.10).
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gradient)M2–H/M curves near TC is normally associ-

ated with first-order magnetic phase transitions.[19] A

negative gradient is observed in parent and Mn doped

compounds around TC. Thus, we conclude that these

non-alloyed and alloyed compounds exhibit first-order

phase transition. Magnetic entropy change values of

the alloyed compounds near their ordering temper-

ature were calculated from magnetization isotherms

using Eq. (2). These are presented in Fig. 6 and the

maximum magnetic entropy change values are given in

Table 2. The maximum isothermal magnetic entropy

changes of Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10)

are 12.91, 19.64, 20.84 J · kg−1 ·K−1 respectively for a

maximum magnetic field change from 0 to 5 T.

Fig. 6. Magnetic entropy change of Tb5Ge2−xSi2−xMn2x
(2x = 0, 0.08, 0.10) compounds as a function of tempera-

ture under a magnetic field of 5 T.

It is observed that all the compounds exhibit large

MCE’s. Practically, magnetic refrigerants are desired

to have not only a large ∆SM (T,H) but also a large

refrigerant capacity value q defined by

q =

∫ T2

T1

∆SM (T )dT, (3)

where q is a measure of heat transferred between ther-

mal baths T1 and T2 in one ideal refrigeration cycle.[20]

The other parameter for characterization mag-

netocaloric properties is the relative cooling power

(RCP) which is determined by the product of the peak

value of the magnetic entropy change (∆SM )max and

the full width at half maximum (FWHM) of ∆SM
[21]

and is written as:

RCP = −(∆SM )maxδTFWHM, (4)

The calculated values of q and RCP are given in Ta-

ble 2. Since RCP represents a good factor for com-

paring magnetocaloric materials, the Mn-substituted

compound with 2x = 0.10 looks very promising due to

its high q and RCP values. (q = 410.43 J · kg−1 and

RCP = 330.43 J · kg−1)

Table 2. The spin reorientation temperatures (Tsr/K),

the Curie temperatures (TC/K), maximum isothermal

magnetic entropy changes ((∆SM )max/J · kg−1 ·K−1), re-

frigerant capacity (q/J · kg−1) and relative cooling power

(RCP/J · kg−1) for the Tb5Ge2−xSi2−xMn2x (2x = 0,

0.08, 0.10) compounds.

2x TC/K Tsr/K (∆SM )max q RCP

0 111 70 12.91 358.82 320.88

0.08 113 88 19.64 373.22 280.67

0.1 123 102 20.84 410.43 330.43

3.3.Application of Landau theory

In the Landau theory of phase transitions frame-

work, an expansion of the Gibbs free energy (G(T,M))

up to sixth power of the magnetization

G(T,M) = G0+
1

2
αM2+

1

4
βM4+

1

6
δM6−MH (5)

is used. The α(T ), β(T ), δ(T ) coefficients are tem-

perature dependent. α(T ) and β(T ) coefficients are

used to determine the critical temperature and na-

ture of the transition, respectively. If β(T ) < 0, the

transition is a first order transition and if β(T ) > 0,

it is a second order transition. This method is an

appropriate model for explaining the magnetic phase

transitions.[22] From energy minimization, the mag-

netic equation of state

H

M
= α+ βM2 + δM4 (6)

is derived which leads directly to the Arrott plots.

For both samples, the expansion coefficients were de-

termined by fitting the Arrott plots to the equation of

state (Eq. (6)).[23] The values of α(T ) and β(T ) are

given in Figs. 7 and 8, respectively. From Fig. 7, the

minimum values of α(T ) occur around the TC. From

Fig. 8, the β(T ) values reveal the type of magnetic

phase transition close to transition temperature. For

Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10) compounds

the negative β(T ) values around TC imply the first

order magnetic phase transitions.
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Fig. 7. The relation of α(T ) with temperature for

Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10) compounds.

Fig. 8. The relation of β(T ) with temperature for

Tb5Ge2−xSi2−xMn2x (2x = 0, 0.08, 0.10) compounds.

4. Conclusion

In this work, we have studied the structural,

magnetic and magnetocaloric properties of Mn doped

Tb5Si2Ge2 compounds. Without altering the crys-

tal structure we have doped Mn atoms with d energy

levels in place of Si and Ge atoms that have s and

p energy levels. However increasing Mn content has

caused a decrease in the unit cell volume, and the

increases of magnetization and isothermal magnetic

entropy change values with respect to parent com-

pound because the Mn atoms have magnetic moments

whereas Si and Ge atoms do not. In our previous work

where we had doped Tb5Si2Ge2 with Fe, Pb and Sn,

the unit cell volumes were observed to increase thus

the magnetic interaction between magnetic ions de-

creased with regard to parent compound. As a result,

isothermal magnetic entropy change around the tran-

sition temperatures decreased. The results of doping

Tb5Si2Ge2 with Mn, Fe, Pb and Sn are consistent with

each other. The differences in magnetic behaviour can

be explained by the Tb–(Si/Ge)(Si/Ge)–Tb interac-

tions via changing of bond lengths which affect the

RKKY indirect exchange interaction which is used to

explain the 4f electron atoms.[24] We have verified the

significance of Tb–(Si/Ge)(Si/Ge)–Tb interactions by

explaining the magnetic characteristics of these sys-

tems.
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[13] Yüzüak E, Emre B, Dincer I, Ener S, Yücel A and Eler-
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