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Chapterr  4 

Magneticc phase transitions and 
magnetocaloricc effect in Gd-based 
compounds s 

4.11 Introductio n 

Magneticc cooling takes advantage of the entropy difference between the 

magnetizedd and the demagnetized state of the working material. The entropy 

changee depends on both the properties of the material and the strength of the 

appliedd magnetic field. The magnetocaloric effect (MCE) in heavy rare-earth 

metalss and their compounds has been studied intensively for some decades because 

off  the fact that they possess the largest magnetic moments and, therefore, the 

largestt available magnetic entropy. Among them, Gd3+ has a *S1/2 ground state and 

thee highest effective exchange coupling around room temperature. Thus, for 

magnetic-coolingg purposes, Gd metal and its compounds appear to be superior to 

otherss in the sub-room-temperature range. 

Thee discovery of the giant MCE in the ferromagnetic (FM) material 

Gd5Si2Ge22 [1] and the high magnetic fields that can be generated by high-energy-

productt permanent magnets [2] have revived interest in magnetic cooling as a 

technologyy competitive with vapor-cycle refrigeration. In the meantime, the basic 
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understandingg of the MCE and its relationship with the magnetic phase transitions, 

andd the methods of determination of MCE in the investigated materials have been 

improved.. In the second section of this chapter, we present a study of the magnetic 

phasee transition and the MCE in the compound GdRu2Ge2 by means of both 

magnetizationn and specific-heat measurements. In the third section, we present the 

magneticc phase transitions and the dependence of the MCE in single -crystalline 

Gd5Si1.7Ge2.33 on the crystallographic directions. 

4.22 GdRu2Ge2 

4.2.11 Introductio n 

Recently,, large MCEs have been observed in materials that exhibit a magnetic 

field-inducedfield-induced first-order phase transition. Pecharsky and Gschneidner [1] have 

discoveredd the so-called giant MCE in Gd5Ge2Si2, originating from a first-order 

structurall  and magnetic transition at Tc = 276 K. Wada et al. [3] have observed a 

largee MCE in DyMn2Ge2, originating from two successive first-order phase 

transitionss at 36 and 40 K. The ternary rare-earth compounds of the type GdT2X2 

(TT = transition metal; X = Si, Ge) have been studied intensively because of the 

largee variety of structural and physical properties shown by these phases [4, 5]. 

Duongg [6] has studied the magnetic properties of GdT2Ge2 (T = 3d, 4d) and found 

thatt there are several types of magnetic phase transitions in these compounds. For 

instance,, GdRu2Ge2 displays a field-induced magnetic phase transition at low field 

strengths.. In this section, we report on the magnetic phase transitions and the 

determinationn of the MCE in this compound by means of specific-heat 

measurementss and magnetization measurements. 

4.2.22 Experimental 

AA polycrystalline sample of GdRu2Ge2 was prepared by repeatedly arc-melting 

appropriatee amounts of the starting materials with a purity of 99.9 wt.% and 
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subsequentt annealing at 1073 K for two weeks in a 200 mbar Ar atmosphere. The 

annealedd sample was examined by x-ray diffraction (XRD) and found to be mainly 

singlee phase with the tetragonal ThC^Sfe-type structure. The composition of the 

samplee was examined by electron-probe micro-analysis (EPMA) and found to be 

mainlyy the stoichiometric composition GdRu2Ge2 with a small amounts of second 

phasee of Gd oxide [6], 

Thee temperature and the field dependence of the magnetization of the sample 

wass measured in a SQUID magnetometer and an Oxford Instruments MagLab 

systemm in the temperature range from 5 to 300 K. 

Specific-heatt measurements were performed by means of a semi-adiabatic 

heat-pulsee method in the temperature interval from 300 mK to 70 K in fields of 0, 

2,, 4, 6, and 15 T. The magnetic-entropy changes in GdRu2Ge2 were determined 

fromfrom magnetization data by using Eq. (5.3) and from the specific-heat data by 

usingg Eq. (2.12). Finally, the adiabatic temperature change ATad was obtained by 

usingg Eq. (3.6). 

4.2.33 Results and discussion 

Thee temperature dependence of the specific heat of GdRu2Ge2, measured on a 

polycrystallinee sample, is shown in Fig. 4,1 in the representation cp/Tvs T. Two 

distinctt peaks at Tx = 29 K and T2 = 33 K are observed in the zero-field specific-

heatt curve, indicating two separate phase transitions exist in this compound. The 

temperaturee dependence of the magnetization measured in a field of 0.1 T is shown 

inn Fig. 4.2. This result agrees with the result of the specific -heat measurements, 
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Figuree 4.1: Temperature dependence of the specific heat, plotted as cp/Tvs 

T,T, of GdRu2Ge2 in zero field and in fields of 2, 4, 6, and 15 T. These results 

havee been taken from Ref. [6]. 
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Figuree 4.2: Temperature dependence of the magnetization of GdRu2Ge2 

determinedd on a sample cooled to 5 K in zero field. The measurement was 

madee on heating in a field of 0.1 T. 



Magneticc phase transitions and MCE in Gd-based compounds 29 

althoughh the two separate transitions are less clear in the M{T) curve. The peak in 

thee cp/T curve at lower temperature 7] still persists in a field of 2 T, but has become 

markedlyy broadened and has disappeared in the curves measured in higher fields. 

Thee peak at higher temperature has become invisible in the 2 T field curve due to 

broadening.. At about 34 K, the specific heat in a field of 2 T exceeds the value in 

zeroo field. These results indicate that the observation of T\ and T2 strongly depends 

onn the strength of the applied field. 
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Figuree 4.3: Total entropy of GdRu2Ge2 as a function of temperature and 

magneticc field, derived from specific -heat measurements. 

Thee temperature dependence of the total entropy S in different fields was 

obtainedd by integrating cpIT with respect to 7 by using Eq. (2.11). The results are 

depictedd in Fig. 4.3. The zero-field S(T) curve shows a small change at the 

transitions.. In the non-zero-field 5(7) curves, no clear changes are found at the 

transitions.. The field dependence of the magnetization of GdRu2Ge2 at 5 K, 15 K 

andd 31 K, measured with increasing field and subsequent decreasing field, is shown 
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inn Fig. 4.4. The M(B) curves measured at 5 K and 15 K show a rapid increase in 

magnetizationn at 1 T and 0.8 T, respectively. The saturation moment at 9 T is about 

7.44 ^B/Gd-atom, which is close to the value for the free Gd3+ ion. These results 

showw that the field-induced magnetic transition is of the antiferromagnetic to FM 

typee and that the transition is magnetically reversible. This transition is closely 

15K K 

«99 31 K 

increasingg field 
i—— decreasing field 

44 6 
M0H(T) ) 

10 0 

Figuree 4.4: Field dependence of the magnetization of GdRu2Ge2 at 5, 15 

andd 31 K, measured with increasing fie Id and subsequently with decreasing 

field. field. 

associatedd with the fact that the PM Curie temperature is positive (dp = 37.2 K) 

[6].. It means that the overall interaction between the Gd moments in this compound 

iss FM and that the antiferromagnetic ground state is rather instable. The broadening 

off  the transition in the cp/T(T) curves measured at H * 0 can be ascribed to this 

field-inducedfield-induced magnetic transition. 

Figuree 4.5 shows a set of magnetic isotherms of GdRu2Ge2, measured in the 
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Figuree 4.5: Magnetic isotherms of GdRu2Ge2 between 5 and 75 K, 
measuredd with increasing magnetic field. 

T(K) T(K) 

Figuree 4.6: Comparison of the magnetic-entropy changes of GdRu2Ge2 

derivedd from the magnetization and from the specific heat. 
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temperaturee range from 5 to 75 K and fields up to 5 T, with increasing temperature 

stepss of 5 K. From these magnetization data, the isothermal magnetic-entropy 

changee ASm has been derived by using Eq. (3.3). The results are shown in Fig. 4.6 

togetherr with the results obtained from the specific-heat measurements by using 

Eq.. (2.12). ASm is seen to peak around 33 K, which is close to the magnetic-

orderingg temperature. The negative values of - ASm obtained below 20 K for a field 

changee from 0 to 2 T are due to the fact that the material is in the antiferromagnetic 

state,, in which the external field reduces the magnetic order rather than enhances 

it.. The maximal values of -ASm are 1.7 J/kgK and 5.0 J/kgK in 2 T and 4 T, 

respectively.. The entropy changes associated with the two successive transitions 

aree only a small fraction of the maximum available magnetic entropy of Gd, 

i?ln(2/+l)) = 110 J/kgK (J = 7/2 for Gd3+). The magnetic-entropy changes 

determinedd by means of the two types of measurements agree quite well. This 

confirmss that magnetic measurements form a reliable method to determine the 

isothermall  magnetic-entropy change of magnetic materials. 
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Figuree 4.7: Adiabatic temperature change ATad in GdRu2Ge2 between 5 

andd 50 K for magnetic field changes from 0 to 2, 0 to 4, and 0 to 6 T. 
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Thee temperature dependence of the adiabatic temperature change ATad in 

thee temperature range from 5 to 50 K upon field changes ranging from 0 to 2, 0 to 

44 and 0 to 6 T has been derived from the specific -heat measurements by using Eq. 

(3.6).. The results are shown in Fig. 4.7. The maximum values of ATad are 

approximatelyy 1.5, 3.5 and 4.5 K for field change from 0 to 2, 0 to 4 and 0 to 6 T, 

respectively.. The profiles of ATad are similar to those of ASm, although there is 

somee broadening of the peaks. 

4.2.44 Conclusions 

GdRu2Ge22 orders antiferromagnetically below T2 = 33 K. The antiferromagnetic 

groundd state is rather unstable. At 5 K, a field-induced transition occurs at a field of 

11 T. This transition is closely associated with the overall interaction between the 

Gdd moments as indicated by the positive paramagnetic Curie temperature. We 

foundd that the maximum value of the adiabatic temperature change ATad is about 

4.55 K in 6 T, which is a moderate MCE for a rare-earth compound in the 

temperaturee range below 40 K. The results confirm that specific-heat and 

magnetizationn measurements can both be employed to assess the MCE of a 

magneticc material. 

4.33 Single-crystalline GdsSii.7Ge23 

4.3.11 Introductio n 

Thee discovery of the giant MCE in GdsSfcCfo [1] has led to a revival of the 

researchh dealing with magnetic refrigeration. This compound belongs to the 

pseudo-binaryy system Gd5(SiKGei.x)4, in which the magnetic properties change 

fromfrom antiferromagnetic to ferromagnetic (FM) upon increasing the Si content x. 

Thee composition range 0.24 < x < 0.5 is of special interest since a giant MCE, giant 

magnetoresistancee [7], and colossal magnetostriction [8] are observed in this 



34 4 Chapterr  4 

compositionn range. All these unusual features are related to a first-order magnetic 

phasee transition accompanied by a structural transition from the low-temperature 

orthorhombicc FM state to the high-temperature monoclinic paramagnetic (PM) 

state.. This magneto-structural transition can be induced by temperature and/or by 

magneticc field. 

AA better understanding of the nature of the first-order phase transition in the 

Gds(Sv<3ei.044 system is of fundamental and practical importance. Especially the 

relationn between the structural and magnetic phase transitions from the low-

temperaturee orthorhombic FM state to the high-temperature monoclinic PM state 

andd the giant MCE in the Gd5(SixGei.x)4 alloys is intriguing. Choe et al. [9] have 

studiedd the formation and breaking of the covalent bonds between Si(Ge) and 

Ge(Si)) atoms in Gd5Si2Ge2, and have pointed out that the structural transition 

occurss by a shear mechanism in which the (Si,Ge)-(Si,Ge) dimers increase their 

distancee by 0.859(3) A which leads to twinning. The structural transition changes 

thee electronic structure and provides on micro-structural level an explanation of the 

changee in magnetic behavior with temperature in this system. Both the magnetic 

andd the crystal structure are easily affected by temperature and/or magnetic field, 

indicatingg a strong coupling between the magnetism and the lattice. The changes in 

thee magnetic and crystallographic parameters of such a system may lead to unusual 

phenomena,, such as unusual magnetic behavior and the spontaneous generation of 

ann electrical voltage in Gd5(SixGei_x)4 during the transition [10]. 

Inn order to obtain more insight into the mechanism of this unusual physical 

behaviorr and the MCE in the Gd5(SixGe,.x)4 system, we have grown a single crystal 

off  Gd5Si,.7Ge2.3 and studied the magnetic and magnetocaloric properties and their 

relationshipp with the structural and magnetic phase transitions. 

4.3.22 Crystal growth and characterization 

AA single crystal of GdsSi^Gê was grown by means of the traveling-floating-zone 

methodd in an adapted NEC double-ellipsoid image furnace. The starting materials 
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weree 4N Gd (from Ames Lab., USA), 6N Si and 6N Ge. The crystal was grown 

underr an Ar atmosphere of 900 mbar with a speed of 3 mm/h. The feed and seed 

weree counter-rotated at 22 and 31 rpm, respectively. The characteristic region 

betweenn 20 = 20 and 40° of a powder XRD pattern of Gd5Si17Ge2 3 is shown in 

Fig.. 4.8. Si powder was added as internal standard. The diagram was indexed 

withinn the monoclinic structure (space group PI 12[/a) with the unit-cell parameters 

aa = 7.585 A, b = 14.800 A, c = 7.777 A, ft = 93.29°. The unit cell contains four 

formulaa units and has a volume Q = 871.6 A3. The molar volume Vm equals 1.312 

xx 10" m /mol. These crystallographic data are in good agreement with literature 

valuess [11,12]. 

""  Gd Si Ge 

(A A 
C C - i ii  n i i ii  i i i i i i i i ii  i 11 n i 

26 6 28 8 30 0 322 34 

200 (deg.) 

36 6 38 8 40 0 

Figuree 4.8: XRD pattern of the Gd5Sii.7Ge2.3 collected at room temperature. 

Thee open circles represent the observed data and the lines represent the 

calculatedd XRD pattern. The vertical bars indicate the calculated positions 

off  the Bragg reflections for Cu K,,, radiation. The difference between the 

experimentall  and calculated intensities is shown at the bottom as a solid 

line. . 
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Figuree 4.9: EPMA micrograph of a Gd5Sii.7Ge2.3 single crystal. 

Thee as-grown single crystal was checked as regards composition, 

homogeneityy and single-crystallinity by means of EPMA and x-ray Laue 

backscattering.. The EPMA micrograph as presented in Fig. 4.9 shows that the 

crystall  is homogeneous. A slight gradient of the Si content has been detected along 

thee growth direction of tie crystal. The average composition of the crystal is 56.3 

at.. % Gd, 18.4 at. % Si and 25.3 at. % Ge, which corresponds to the actual formula 

Gd5.06Si1.6eGe2.28--

4.3.33 Magnetic properties 

Figuree 4.10 shows the temperature dependence of the magnetization of single-

crystallinee Gd5Sii.7Ge2.3, measured in a magnetic field of 50 mT and 5 T, 

respectively,, applied along the three principal crystallographic axes. The magnetic 

orderingg is observed as a pronounced change in magnetization, which is clearly 

differentt from a second-order FM phase transition, indicating that the transition is 

off  first order. The Curie temperature Tc, determined as the temperature 

http://Gd5.06Si1.6eGe2.28
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Figuree 4.10: Temperature dependence of the magnetization of Gd5Sii7Ge23 

inn a field of 50 mT (top panel) and 5 T (bottom panel), respectively, 

measuredd with the field direction along the three principal axes a ([100]), b 

([010]),, and c ([001]). 

correspondingg to the extreme of dM/dT, is 240.2 K. In the FM state, the M(T) 

curvess measured for Gd5Sii.7Ge2.3 in a field of 50 mT display anisotropic behavior. 

Thiss anisotropy in the M(T) curves of Gd5Sii.7Ge2.3 disappears in a field of 5 T as 

indicatedd in the bottom panel of Fig. 4.10. This is, therefore, possibly due to 

domain-walll  displacement and/or rotation of the magnetization of the domains, 

whilee one cannot exclude that it is related to a spin reorientation. In the 

paramagneticc state, the temperature dependence of the inverse dc magnetic 

susceptibilityy of Gd5Sii ?Ge23 obeys the Curie-Weiss law in the higher-temperature 

regionn with an effective moment //efrof 8.2, 8.4, and 8.6 ^B/Gd-atom for the a, b, 

andd c direction, respectively. These values are slightly larger than the theoretical 
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valuee of 7.94 //B for a free Gd3+ ion and the experimental value of 7.98 juB for Gd 

metal.. The PM Curie temperature Q equals 204 K. 

Inn order to determine the change of the Curie temperature with applied 

magneticc field and the thermal hysteresis, we have performed measurements of the 

temperaturee dependence of the magnetization with increasing and decreasing 

temperaturee in fields of 1, 2, 3, 4 and 5 T. The results are shown in Fig. 4.11. It is 

clearr that the Curie temperature increases with increasing field and that there is a 

largee thermal hysteresis. 

1800 200 220 240 260 280 300 

7 ( K ) ) 

Figuree 4.11: Temperature dependence of the magnetization of 

Gd5Si,.5Ge2.3,, measured with increasing and decreasing temperature in a 

fieldfield of 1, 2, 3, 4, and 5 T, respectively. 

Figuree 4.12 shows the magnetic isotherms of single-crystalline Gd5Sii.7Ge2 3 

measuredd at 5 K and at several temperatures around Tc, measured with the 

magnetic-fieldd direction along the three principal crystallographic axes [100], [010] 
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Figuree 4.12: Magnetic isotherms of Gd5Sii.7Ge2.3 along the three principal 

axess at 5 K and at several temperatures, which are in the vicinity of the 

Curiee temperature, measured with increasing (A) and decreasing (V) field. 

andd [001] with increasing and decreasing magnetic fields. The spontaneous 

magnetizationn at 5 K is 7.08, 7.18, and 7.28 //B/Gd-atom along the a, b, and c axis, 

respectively.. These values are slightly larger than the value of 7.0 /*B/Gd-atom for 

thee free Gd3" ion. Below Tc, the magnetization curves show FM behavior. Above 

TTcc,, the magnetization increases linearly in low field strengths, which is 

characteristicc for simple PM behavior. Above a lower field 5cl, the magnetization 
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increasess sharply and saturates at a higher field Bc2, indicating that the applied 

magneticc field gives rise to a field-induced PM to FM phase transition. With 

decreasingg field, a reverse magnetic phase transition FM to PM starts at the field 

5c33 and ends at the field 5c4. The field hysteresis observed in the field dependence 

off  the magnetization, which is about 1 T, also indicates that the transition is of first 

order. . 
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Figuree 4.13: Magnetic phase diagram of Gd5Sii.7Ge2.3-(B) and ) indicate 

thee data from the temperature dependence of the magnetization. (A, A), (T, 

v)) and , o) indicate the data from the field dependence of the 

magnetization,, measured along the [001], [010] and [100] direction, 

respectively.. The solid lines are guides to the eye. 

Thee magnetic phase diagram of Gd5Sii.7Ge2.3 constructed from the 

temperaturee dependence of the magnetization and the field dependence of the 

magnetization,, measured with the field direction along three principal 

crystallographicc axes. The results are shown in Fig. 4.13. The critical-field values 

weree taken as the mean value of 5cl and Bc2 for increasing field and, 5c3 and Bc4 for 

decreasingg field, respectively. Both sets of experimental data are in good 
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agreementt with each other and there are no clear differences along the three 

directions.. Tc almost linearly increases with increasing field at a rate of 4.4 K/T. 

Extrapolationn of the temperature dependence of the critical-field lines to zero field 

showss that the zero-field Curie temperature Tc of Gd5Sii.7Ge2.3 is 240.1 K for a 

measurementt with increasing temperature and 235.3 K for decreasing temperature, 

respectively.. It indicates that a thermal hysteresis of about 5 K exists between the 

increasing-- and decreasing-temperature measurements. This is in good agreement 

withh the result observed in thermal-expansion measurements [13]. 

4.3.44 Specific heat 

Usually,, the specific heat of a material at constant pressure behaves anomalously 

nearr the magnetic phase transition and hence measurements of the specific heat can 

bee a useful tool for studying the nature of a given magnetic phase transition. Figure 

4.144 shows the temperature dependence of the specific heat of Gd5Sii.7Ge2.3, 

measuredd with increasing temperature in zero field. 

Gd
5Si1 7Ge2 3 3 

zeroo field 
increasingg T 

TTcc = 239 K 

300 0 

Figuree 4.14: Temperature dependence of the specific heat of Gd5Si|.7Ge2.3, 

inn the representation cpIT vs T, measured with increasing temperature in 

zeroo field. The solid line is a Debye fit with 6D = 237 K. 
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Figuree 4.15: Temperature dependence of the specific heat of Gd5Si17Ge2.3, 

inn the representation cpIT vs T, measured with increasing temperature in 

zeroo field and in 2 T. 

Thee peak position corresponds to a Tc of about 239 K, which is slightly smaller 

thann the value of Tc obtained from magnetic measurement. The sharpness and the 

largee amplitude of the peak suggest that the phase transition in Gd5Sii.7Ge2.3 is of 

firstt order. A fit  of the low-temperature data to the formula cpIT = y +fiT2 yields 

ann electronic contribution to the specific heat y = 32.3 mJ/molK and a Debye 

temperaturee QD = 237 K. 

Figuree 4.15 shows the specific heat of Gd5Sii.7Ge2.3 measured across the 

phase-transitionn region in zero field and in 2 T with increasing temperature. The 

magneticc field suppresses the magnetic part of the specific heat and shifts the peak 

positionn to a higher temperature Tc, which is about 246 K at 2 T. This value is 

slightlyy smaller than the value of Tc (in 2 T) obtained from the magnetic 

measurement. . 



Magneticc phase transitions and MCE in Gd-based compounds 43 

4.3.55 Magnetocaloric effect 

Thee magnetic-entropy changes of Gd5Si|.7Ge2.3, which have been derived from the 

magneticc isotherms measured with increasing temperature and increasing field 

alongg the three principal axes by using Eq. (3.3), are displayed in Fig. 4.16. 
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Figuree 4.16. Temperature dependence of the magnetic-entropy changes of 
GdjSiuGeajj  along the three principal crystallographic axes, for field 
changess from 0 to 1, 0 to 2, 0 to 3, 0 to 4 and 0 to 5, derived from the 
magnetizationn data. 
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Figuree 4.17: Temperature dependence of the total entropy of Gd5Si,.7Ge2.3 

determinedd from the zero-field specific heat. The inset shows an enlarged 

vieww of the entropy at the transition. 

Thee shape of -ASm consists of a spike and a plateau part. The spike is probably 

relatedd to an irreversible magnetization process and most likely associated with the 

factt that the magnetic transition occurs simultaneously with the crystal-structure 

change,, and it boosts the value of - ASm to higher values. With increasing field, the 

plateauu part saturates and extends to higher temperatures. 

Thee entropy evolution as a function of temperature, S(T)- \c {T)ITdT > 

off  the system can directly be obtained from the specific-heat data. The 5(7) curve 

inn zero field is depicted in Fig. 4.17. The entropy change associated with the 

transitionn is about AS = 11 J/kgK and the latent heat L= TCAS = 2.63 kJ/kg. 
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4.3.66 Discussion and conclusions 

First,, we discuss the magnetic phase transition and the magnetic interactions in 

Gd5Sii.7Ge23.. On the basis of the observed discontinuous behavior of the 

magnetizationn and the entropy at the transition, and the constructed magnetic phase 

diagramm of GdsSiuGe,̂ we conclude that the phase transition observed in this 

materiall  is a first-order phase transition. From the specific-heat measurements, we 

havee determined the latent heat involved in this phase transition is about 2.63 

kJ/kgK.. According to the study reported in Ref. 8, the origin of the transition is a 

simultaneouss structural and magnetic phase transition. The crystal structure adopts 

thee orthorhombic structure in the FM state and changes into the monoclinic 

structuree in the PM state. The major crystallographic structure change occurs due 

too the breaking cf covalent-like Si-Si, Si-Ge and Ge-Ge bonds at the transition 

fromfrom the FM state to the PM state [9,14]. 

Thee large effective magnetic moment, the abrupt change in the magnetization 

att the transition, and the anisotropy observed in Gd5Si]  7Ge23 cannot well be 

explainedd in the framework of the indirect RKKY 4f-4f exchange interaction. 

Therefore,, there may exist other exchange interactions that play an important role 

inn this compound. One possible exchange interaction in this compound may be the 

indirectt exchange between the 4f-electron spins via polarization of the 5d-electron 

spinss [15]. The experimental observation of saturation magnetic moments at 5 K 

thatt are slightly larger than the Gd free-ion moment and the somewhat enhanced 

effectivee magnetic moment support the occurrence of polarized 5d-electron spins in 

thiss compound. Another possible interaction is a Gd-Si(Ge)-Gd superexchange 

interactionn in the low-temperature FM phase propagating through the interlayer 

covalent-likee bonds [15]. The fact that the long-range FM order is abruptly 

destroyedd at the transition where the material becomes PM is because of the 

breakingg Si(Ge)-Ge(Si) bond between the slabs occurs at the structural 

transformationn which leads to the disappearance of the superexchange interaction. 
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However,, the determination of these interactions is complicated because they are 

stronglyy dependent on composition and temperature [9]. 

Secondly,, we discuss the MCE observed in this compound. The MCE in this 

phase-transitionn region is extremely large. Not only the magnitude of the MCE is 

large,, but also the full width at the half maximum of the MCE with respect to the 

fieldd change is large. The maximum value of - ASm for a field change from 0 to 5 

TT is 44.6 J/kgK at the spike and around 30 J/kgK at the plateau part. These values 

aree consistent with the results reported earlier on polycrystalline material [16]. If 

wee take 30 J/kgK as maximum value of the magnetic-entropy change - ASm (max) 

thenn the full width at the half maximum (8TFWHM = T2 - Tx ) [16] is about 19 K for 

aa field change from 0 to 5 T. A recent study [17] has shown that the plateau part 

perfectlyy matches the AS values given by the Clausius-Clapeyron equation 

AS=AMdBAS=AMdBcc/dT/dT (where AM is the jump of the magnetization at the magneto-

structurall  transition, and dBJdT is the rate of critical-field change with 

temperature).. From the linear relation between Bc and T, we have obtained dBc/dT 

==  0.23 T/K. If we take the value of M at the Tc as AM , then we obtain AS as 32 

J/kgKK for a field change from 0 to 1 T and 35 J/kgK for a field change from 0 to 5 

T.. These values roughly match with the values of AS on the plateau part shown in 

Fig.. 4,16. However, we should mention that the value of dBc/dT can be easily 

determinedd from the phase diagram (see Fig. 4.13), but the determination of the 

jumpp of the magnetization at the transition is complicated because the first-order 

transitionn does not occur infinitely fast. One may determine AM in different ways 

fromfrom the M(T) curve or from the M(B) curve and may obtain different values. 

Finally,, we discuss the magnetic anisotropy in this compound. The magnetic 

anisotropyy of the Gd-based compounds is usually negligible due to the spherical 

symmetryy of the 4f orbitals of Gd3+ ions and the isotropic nature of the RKKY 

interaction.. There are, however, some indications for anisotropic behavior in this 

material.. First, the temperature dependence of the magnetization in low field 
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exhibitss an anisotropic behavior. As we discussed this anisotropic behavior may 

belongg to the domain-wall displacement and/or rotation of the magnetization of the 

domains.. However, the anisotropy may arise from anisotropic exchange 

interactions.. Duijn [18] has proposed a possible mechanism for the occurrence of 

anisotropyy in the Gd5(Sii.xGex)4 compounds. Our magnetic measurements show 

thatt the magnetic anisotropy is negligibly small and/or has only a minor effect on 

thee magnetization along three principal crystallographic axes as well as the MCE in 

thee compound Gd5Sii.7Ge2.3, as indicated by the similar magnetic behavior and 

magnitudee of - ASm obtained along the three principal axes. It should be noted that 

thesee magnetic parameters are determined for the monoclinic structure, while the 

FMM phase adopts the orthorhombic structure. The other anisotropic behavior in this 

compoundd that should be mentioned is found in the thermal-expansion 

measurementss along the principal crystallographic axes that have been performed 

onn the same single crystal [13]. They show that the magnetic and structural phase 

transitionn occur at one and the same temperature. The thermal expansion shows a 

pronouncedd anisotropy between the 6c-plane and the a-axis. The resulting steps in 

AL/LAL/L for the b- and c-axis attain negative values of- 2.0 x 10"3 and - 2.1 x 10"3, 

uponn heating, respectively, while for the a-axis the step is positive and much larger, 

6.88 x 10"3. The volume change AVIV at Tc is positive and amounts to 2.7 x 10"3. 

Byy combining the specific -heat and the thermaLexpansion data and by making use 

off  the Clausius-Clapeyron relation, we extract a hydrostatic pressure dependence of 

TTcc equal to dTc/dp = 3.2  0.2 K/kbar. This value is in good agreement with the 

valuee dTc/dp = 3.46 K/kbar extracted from thermal-expansion measurements under 

hydrostaticc pressure for a GdsSii.gGê sample [8]. The result points out that the 

pressuree effect is strongly anisotropic. Uniaxial pressure along the a-axis enhances 

Tc,, while uniaxial pressure in the bc-p\ane suppresses Tc. This provides important 

informationn how to chemically substitute the system in order to further enhance Tc. 

Inn conclusion, we have studied the magnetic and magnetocaloric properties 

off  a single crystal of Gd5Si[  7Ge2.3. The bulk-property measurements show thatt the 
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unusuall  magnetic properties and the giant MCE in this compound is associated 

withh a simultaneous magnetic and structural transition. This phase transition is of 

firstfirst order. The magnetic properties observed in this compound suggest that not 

onlyy the indirect RKKY exchange interaction, but also the indirect 4f-electron 

spinss coupling via polarization of 5d-electron spins and the Gd-Si(Ge)-Gd 

superexchangee interaction may play important roles in governing the magnetic 

propertiess of Gd5Sii.7Ge2.3. The MCE in this compound system is large. There are 

somee indications of the magnetic anisotropy in this compound. But the magnetic 

anisotropyy has a negligible effect on the MCE in this compound. However, an 

accuratee determination of the magnetic structure, the magnetic interactions and the 

microstructuree of the Gd5Si1,7Ge2 3 compound are still required for a full 

understandingg of the unusual magnetic behavior observed in this interesting alloy 

system. . 
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