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Chapterr  4 

Magneticc and thermal properties 
off  GdT2Ge2 (T = 3d, 4d) compounds 

4.11 Introductio n 

Ternaryy intermetallic compounds of the type GdT2Ge2 (T = transition metal) are formed 

withh 3d metals (Fe, Co, Ni and Cu) and with 4d metals (Ru, Rh, Pd). They crystallize in 

thee body centered tetragonal ThC^Sii-type of structure (space group I4/mmm). In this 

structure,, the Gd ions occupy only a single crystallographic site of tetragonal point 

symmetryy (fig. 4.1). 

AA general characteristic of the GdT^X? compounds (X = Si or Ge) is, that the transition 

metall  carries no, or only a negligibly small, magnetic moment [1-4]. Furthermore, due to 

thee S-character of the 4f7 shell of Gd, the influence of the crystalline electric field and the 

concomitantt anisotropy are considered to be of minor importance. Hence, the magnetic 

propertiess are determined essentially by the exchange interactions between the Gd 

moments. . 

Mo'ssbauerr spectroscopic studies of the GdT:Ge2 compounds showed that on passing along 

thee 3d and 4d series, the electric-field gradient V7: at the Gd sites increases strongly and 

thatt its sign changes from negative to positive near the end, in both series [3]. From band 

structuree calculations [2], this behavior was explained in terms of decreasing mixing 

betweenn the 6p and 5d valence electron states of the Gd and the d electron states of the T 

atomss when moving towards the end of each transition metal series. The trends of V:- in the 

GdT2Ge:: compounds can be interpreted on the basis of Miedema's "macroscopic atom" 

modell  for cohesion in metals. The value of V:- increases when the difference of the 

electronn density Anm at the edge of the atomic cell of T and Ge atoms decreases. 

37 7 
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Figuree 4.1. The crystal structure of ThCr:Si2 (I4/mmm). 

Earlier,, the magnetic interactions were studied in some series of Gd compounds including 

GdT:X2.. GdGa2-xAlx, GdCus.xAl x. GdT4Al8 and GdT6Al6 (T = 3d or 4d transition metal. X 

== Si or Ge) in which the non-rare-earth atoms do carry a very small or a zero magnetic 

momentt [4-8]. Using the simple two-sublattice model for an antiferromagnet without 

anisotropyy (see section 3.3), the intra- and intersublattice magnetic coupling coefficients 

«ii«ii  and «i2 have been derived from the DC susceptibility and the high-field free-powder 

measurements,, with the idea that from the systematic overview of these values, in each 

series,, the role of the R-R interactions in the magnetic behavior can be anticipated. The 

variationss of nu and n12 across each series of compounds were discussed in terms of 

changess of the lattice parameters, the unit-cell volume Vand modifications of the transition 

metall  electron band. 

Nevertheless,, in order to get more insight into the mechanism of those interactions in a 

certainn compound, different measuring techniques are necessary to be carried out and 

combinedd in the interpretation. We now systematically extend this research to specific-heat 

measurements,, because important information about the ordered state can be derived from 

thee results (see e.g. [9, 10] and chapter 3). In this chapter, we present magnetization and 

specific-heatt measurements on GdT2Ge2 in high magnetic fields. These data are discussed 

andd analysed on the basis of the generalized molecular-field model described in chapter 3. 
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4.22 Experimental 

Polycrystallinee samples of GdT^Gei and isomorphous YT2Ge: (T = Fe, Co, Ni, Cu, Ru, 

Rh,, Pd) were prepared by arc-melting stoichiometric mixtures of the pure elements. The 

purityy of the starting materials is at least 99.9%. The melted ingots were vacuum annealed 

att 800°C for 2 weeks. The annealed samples were then examined by X-ray diffraction and 

foundd to be single phase and to have crystallized in the body centered tetragonal ThCr2Si2-

typee of structure. The composition and homogeneity of several selected compounds were 

examinedd by EPMA analysis and are shown in section 4.3. 

Thee temperature dependence of the magnetization of GdT?Ge2 samples was studied in a 

SQUIDD magnetometer in the temperature range 1.7-300 K, in magnetic fields from 0 to 5 

T.. The field dependence of the magnetization at 4.2 K was measured up to 35 T in the 

semi-continuouss high-field installation at the University of Amsterdam (see section 2.3.2). 

Sampless for these high-field measurements were crushed to fine particles that were able to 

rotatee freely in the sample holder towards their equilibrium directions (HFFP method). 

Forr specific-heat measurements, GdT2Ge2 and YT^Ge? (T = Fe, Ni, Co, Cu, Ru, Pd) 

sampless of about 2 gram were spark-cut in shapes having two parallel flat sides. The 

specificc heat was measured in zero field within the temperature range from 0.3 up to 90 K in 

thee Amsterdam 17 T equipment (see section 2.4.1). For GdFe2Ge2, GdNi2Ge2, GdRu2Ge2 

andd GdPd2Ge2, the specific heat was also measured in magnetic fields between 0 and 15 T, 

inn the same temperature range. For the Rh case, due to the high magnetic ordering 

temperaturee of GdRl^Ge ,̂ the specific heat of the Gd and Y compounds was measured in 

thee high temperature set-up (see section 2.4.2). 

4.33 Results 

4.3.14.3.1 GdFe2Ge2 

Thee temperature dependence of the reciprocal susceptibility of GdFe2Ge2 measured in a 

fieldd of 1 T is shown in fig. 4.2. At temperatures above 10 K up to room temperature, the 

curvee deviates from the Cure-Weiss law. The magnetization process at 4.2 K was observed 

onn a free-powder sample, in fields up to 35 T (fig. 4.3). The magnetization increases 

almostt linearly with increasing magnetic field, exhibiting the bending of the moments 
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towardd the field direction. The bending process is completed at about 6 T and is followed 

byy the approach to saturation of the Gd moments. However, there persists a high-field 

susceptibility,, and up to 35 T the magnetization is still considerably lower than the 

expectedd value for Gd (6.8 uB compared to 7 uB). These magnetization data clearly indicate 

thee considerable contribution of the non-4f electrons to the magnetic properties of this 

compound. . 
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Figuree 4.2. Temperature dependence of the reciprocal susceptibility of GdFe2Gei measured in 1 T 

(openn circles: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: itinerant 

band,, here only indicating a change of sign; see text). 

Thee magnetic ordering transition was investigated by specific-heat measurements in 

magneticc fields. The plots of C/T vs T of GdFe2Ge2 are presented in fig. 4.4. From the plot 

takenn in zero applied field, the magnetic transition is signaled by a sharp peak at about 9.8 K. 

Itt is somewhat below the Néel temperature (taken to be 11.3 K) at which the magnetic 

contributionn to the specific heat drops drastically to almost zero. At higher applied fields, 

thee transition occurs at lower temperatures. This is typical for the transition from an 

antiferromagneticc state to a paramagnetic state. In magnetic fields above 6 T, the specific-

heatt curves show merely a Schottky-like anomaly, characteristic for the paramagnetic 

state.. These results are consistent with the magnetization curve at 4.2 K (fig. 4.3), where 

thee Gd moments are forced to be parallel for applied fields above about 6 T. 

oo exprimental 
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Figuree 4.3. Field dependence of the magnetization of GdFe2Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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Figuree 4.4. Temperature dependence of the specific heat C/T of GdFe2Ge2 measured in 

differentt applied magnetic fields. 
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Figur ee 4.5. The C/T vs T data in zero field of GdFe2Ge2 (solid square) and YFe2Ge2 (open 

square)) after being corrected by the mass correction ratio 0.896. The inset shows the zero-field 

temperaturee dependence of Cm (scatter graph, left scale) and 5„, (line graph, right scale) of the 

Gdd compound. The dashed line indicates the limit R ln8. 
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Figur ee 4.6. Temperature dependence of the magnetic contribution to the specific heat of 

GdFe2Ge2,, plotted as C„/T, in 0, 4, 6 and 8 T (The scatter graphs give the experimental data, 

thee line graphs are the fitting results). 
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Inn addition, a broad bump around 3 K (i.e., T/T  ̂~ 0.27) is observed in the C/T vs T plots 

takenn in applied fields from 0 to 5 T. This behavior is a common feature for the Gd 

compoundss (see, e.g., [9, 10]). As will be indicated more explicitly below, it is associated 

withh the splitting of the (2J+l)-fold degeneracy of the multiplet due to the exchange field 

withinn the ordered state. 

Thee magnetic contribution Cm is derived by subtracting the zero field specific-heat of the 

isomorphouss non-magnetic compound YFe2Ge2, after being corrected for the total mass 

differencee using the many-Debye method (see section 2.4.3 and fig. 4.5). The magnetic 

entropyy Sm was calculated by integrating Cm/T. Because the specific-heat measurement on 

thee Y compound has been started at 1.4 K, the missing contribution to the magnetic 

entropyy below this temperature is evaluated to be roughly 0.07 J/molK in zero field. Then 

thee total magnetic entropy Sm equals 1.89/? (R = 8.315 J/molK is the molar gas constant) at 

300 K, about 91% of the theoretical value R ln8 = 2.08 R. The temperature dependence of 

thee magnetic entropy is depicted in the inset of fig. 4.5. The temperature dependence of Cm 

inn 4, 6 and 8 T is plotted in fig. 4.6. It can be seen in figs. 4.5 and 4.6 that from the Néel 

temperaturee up to 20 K, there still exists a small magnetic contribution in zero field, which 

mayy be attributed to short-range magnetic ordering. 

AA theoretical analysis has been carried out for this compound based on the formalism 

describedd in chapter 3. We assumed an equal moment (EM) system for the Gd sublattice, 

interactingg with an itinerant electron band (representing the contribution of the non-4f 

electrons).. The calculation should satisfactorily represent the behavior of the magnetization 

andd specific-heat results obtained from the experiments. As discussed in section 3.4, for 

simplicityy and in an attempt to compare GdFeiGê with compounds in which no 3d-band 

effectt is expected to be present, we take «RT((?)
 = 0. The best fitting parameters applied for 

thee whole set of the experimental data are 7N = 11.3 K, i.e. nRR(Q) = 0-80 Tf.u./u^B, nRR(0) 

==  -0.76 Tf.u./u,B; nRJ(0) = -8.0 Tf.u./u.B; «OT = 80 Tf.u./uB; a2T = 0.0003 Tf.u./[iBK2. The 

temperaturee dependence of the contribution of the itinerant band (presumably mainly due 

too the Fe 3d electrons) to the susceptibility is taken into account via the parameter ciu (see 

fig.. 4.2). Also, fig. 4.3 indicates the antiferromagnetically coupled 3d-moment at 4.2 K. 

Subsequently,, above 6 T, this moment is gradually diminished and eventually forced in the 

fieldd direction. The calculations for the specific heat Cm in different applied fields are 

displayedd in the same graph with the experimental data in fig. 4.6. It can be seen that the 

calculatedd curves follow well the postures of the experimental ones in 0, 4, 6 and 8 T. 
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Especially,, the broad bump at low temperature below 6 T can be generated in the 

calculatedd CJT vs T curves. Notice that the magnetic contribution to the specific heat 

fromm the Gd sublattice is calculated as CR(T) = -BR
cndjiR(T)/dT (eq. 3.22, section 3.5) 

andd that the contribution Cj(T) from the band is negligibly small. The bump at 3 K is 

ascribedd to the Zeeman splitting of the Gd multiplet due to the exchange field in the 

orderedd state (see section 3.6). 

Thee magnetic parameters of GdFe:Ge2 are listed in tab. 4.1. 

4.3.24.3.2 GdCo2Ge2 

Thee temperature dependence of the reciprocal susceptibility of GdCo2Ge2 measured in 1 T 

iss shown in fig. 4.7. Similar to the observation on the Fe compound, in the temperature 

regionn from 40 K up to 300 K, the curve shows a remarkably high curvature. Again for this 

compound,, the magnetic contribution from the non-4f electrons is clearly seen. The HFFP 

measurementt at 4.2 K is shown in fig. 4.8. The magnetic isotherm starts from the origin 

andd increases linearly with applied field. The bending process ends up at around 30 T. 

Thee specific heat of GdCoiGe: and YCo^Gê  was measured in zero applied field. The CIT 

vss T curves of both compounds are presented in fig. 4.9. From the specific-heat data of 

GdCo2Ge:.. the Néel temperature 7V,- is defined by a single peak at 35.7 K. characterizing 

thee magnetic ordering transition. A broad bump at around 12 K {i.e., 7/TN ~ 0.34) is also 

observedd and identified as the "Gd-bump" discussed in section 3.6. Finally, we mention the 

appearancee of a tiny peak at about 1 K in the specific-heat curve of GdCoiGe.̂ This 

anomalyy has a negligible contribution to the total specific heat and is attributed to a small 

amountt of Gd oxide present in the sample. 

Thee magnetic contribution Cm of the Gd compound was estimated by subtracting the 

correctedd data of the Y one with the mass correction ratio 0.898 (fig. 4.10). Above 7\ up 

too 50 K, we observe on the CJT vs T curve a noticeable magnetic contribution, which is 

probablyy related to the effect of short-range magnetic ordering. The magnetic entropy Sm 

wass estimated to 1.85 R at 60 K, corresponding to 89% of the theoretical value (see the 

insett of fig. 4.10). 
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Figuree 4.7. Temperature dependence of the reciprocal susceptibility of GdCo^Gê measured in 

11 T (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; the 

deviationn is due to the contribution of the itinerant band). 
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Figuree 4.8. Field dependence of the magnetization of GdCo2Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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Figuree 4.9. OTvs Tdata in zero field of GdCoiGei (solid square) and YCoiGe: (open square) 

afterr being corrected by the mass correction ratio 0.898. 
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Figuree 4.10. Temperature dependence of Cm of GdCo2Ge2 in zero field (The scatter graph 

givess the experimental data, the line graph represents the fitting results). The inset shows the 

temperaturee dependence of the corresponding magnetic entropy Sm calculated from the 

experimentall  data. The dashed line indicates the limit R ln8. 
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Thee magnetization and specific-heat data show that, in principle, a single EM mode for the 

magneticc structure of GdCo2Ge2 in the ordered state can be assumed. The best fitting 

resultss are exhibited in the same graphs with the experimental data in figs. 4.7, 4.8. and 

4.10.. In these calculations, the contribution from the itinerant band has also been included. 

Inn this case, we take again HRT(O) = 0. 

Thee magnetic parameters of GdCo^Gei derived from the experiments and from the 

calculationss are listed in tabs. 4.1 and 4.2, respectively. 

4.3.34.3.3 GdNi2Ge2 

Inn fig. 4.11, the temperature dependence of the inverse susceptibility of GdNi2Ge2 

measuredd in 1 T shows that above 25 K, the susceptibility follows the Curie-Weiss law: 

ZZ = Nju0ju,ff
2BkB(T- 6?) = CI{T-dv) (4.1) 

wheree 9P is the paramagnetic Curie temperature, N is the number of Gd atoms per unit 

volume,, C is the Curie constant and //eff is the effective magnetic moment per Gd atom. 

Basedd on eq. 4.1, the value of dp was found to be -21.1 K. The Curie constant C was 

derivedd as the slope of the linear part of the curve in fig. 4.11 at high temperatures and the 

effectivee moment //eff was calculated to be 8.37 JLIB per Gd atom. This effective moment 

valuee is considerably higher than the value expected for Gd3+ in the paramagnetic region, 

/4HH = gjGd[J(J+\)] V2[iB  = 7.94 JIB- The excess moment is likely due to a contribution of the 

Gdd valence electrons or other polarized spins from the transition metal. 

Onn the other hand, the magnetization measured in a field of 0.05 T as a function of 

temperaturee indicates two magnetic transitions between 15 and 30 K (see inset of fig. 4.11). 

Thee peak at higher temperature in this curve disappears when only slightly increasing the 

appliedd field (for instance 0.1 T). In this case, an EPMA analysis has been carried out to 

investigatee the presence of other foreign phases or impurities, which may give rise to 

thiss effect. The electron-probe micrograph of GdNi2Ge2 is depicted in fig. 4.13. According 

too the EPMA results, the main matrix has the stoichiometric composition GdNi2Ge2 and is 

estimatedd to be 96.4% of the whole sample. The dark boundaries (about 3.0%) have the 

approximatee composition Ni3Ge2, and the light spots, which also appear in the picture, 

standd for Gd oxide and have a very small amount of 0.6% within the accuracy of the 
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Figuree 4.11. Temperature dependence of the reciprocal susceptibility of GdNi2Ge2 measured 

inn 1 T (squares: experimental data; black line: fitting to the Curie-Weiss expression: gray lines 

aree calculated with the generalized molecular-field model, solid: total; dash: Gd moments; the 

contributionn from the itinerant band does not show up in the scale of the figure). The inset 

showss the M vs T curve taken in 0.05 T. 
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Figuree 4.12. Field dependence of the magnetization of GdNi2Ge2 measured on free powder at 

4.22 K (circles: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: 

itinerantt band). 



Magneticc and thermal properties of GdT2Ge2 49 9 

Figuree 4.13. Electron-probe micrograph of GdNi2Ge2. The main matrix has composition 

GdNi2Ge2.. The dark boundaries have approximately the composition Ni,Ge2. The light spots are 

Gdd oxide. 

measurement.. From this analysis, we can exclude the interference of exotic compositions 

too the magnetic behavior of the main structure. 

Thee field dependence of the magnetization of a free-powder sample at 4.2 K is presented in 

fig.. 4.12. One can see that the bending process deviates from the linear behavior expected 

forr a simple (isotropic) antiferromagnet. The magnetic isotherm starts from the origin and 

followss a curvature up to about 20 T. This result suggests a complex magnetic structure of 

thee compound at 4.2 K or possibly field-induced transitions from one mode to another one. 

Thee magnetic moments reach saturation with further increasing field. The value of the Gd 

momentt in the forced parallel configuration, jUGd is found to be 7.1 \xB per Gd atom if one 

extrapolatess the magnetization in the high-field part down to zero field. 

Inn order to study the complicated magnetic properties of this material in more detail, we 

havee extended magnetization measurements from 0 to 5 T in a wide range of temperatures, 

fromm the ordered to the paramagnetic state. The results are exhibited as Arrott plots M' vs 

BIM.BIM. By this method, a magnified picture of the magnetization process can be drawn. From 

fig.. 4.14, three different magnetic phases are recognized. Above 28 K, the Arrott plots 

havee a positive slope (see fig. 4.14.b at 40 and 50 K), corresponding to the paramagnetic 

state.. It should also be noticed that there appears some deviation at the beginning of these 

curvess below 1 T. In the temperature range between 16 K and 28 K, the curves rise almost 

verticallyy with increasing field (fig. 4.14.b). The results in this temperature region show 
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thatt at least up to 5 T, the material behaves as a simple antiferromagnet with a constant 

slopee BIM of the magnetization curve. Nevertheless, the values of BIM are different at 

differentt temperatures, increasing from 2.77 Tf.u./|iB at 16 K to 3.13 Tf.u./(iB at 28 K. The 

dataa taken in the lower temperature range from 5 to 16 K (fig. 4.14.a) manifest a 

completelyy different tendency. The Arrott plots start from a higher value of B/M (-3.5 

Tf.u./|iB)) and have a negative curvature. It can be seen that the magnetic isotherms tend to 

approachh the same slope BIM when the applied field is increased. As stated above, this 

behaviorr is attributed to a complex magnetic structure or to a field-induced order-order 

transition. . 
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Figuree 4. 14. Arrott plots of GdNi2Ge; measured on free powder sample at different temperatures. 

Somee deviations of the Arrott plots in fig. 4.14 are observed below 1 T. in the ordered 

regionn (5, 10, 12 K) as well as in the paramagnetic region (40, 50 K). According to 

previouss studies carried out by Brommer et al. [11], this phenomenon was also observed 

onn some ferromagnetic materials such as Ni75-XA125+X, Ni75_xGa25+x, etc. and ascribed to the 

impuritiess or the inhomogeneities of the samples. 

Thee specific heat of GdNiiGei measured as a function of temperature in a wide range of 

appliedd magnetic fields from 0 to 15 T is shown in fig. 4.15. The zero-field data give rise 

too two sharp peaks, at 16 and at 28 K, which are in good agreement with the results from 

magnetizationn experiments. The broad bump on the CIT vs T curve at around 7 K (T/TN ~ 

0.25)) is identified as the "Gd-bump" (see section 3.6). In 2 T, the behavior of the specific 
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Figuree 4.15. CIT vs T curves of GdNi2Ge2 taken in different applied magnetic fields. 
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Figuree 4.16. C/T vs T data in zero field of GdNi2Ge2 (solid square) and YNi2Ge2 (open square) 

afterr being corrected by the mass correction ratio 0.898. The inset shows the zero-field 

temperaturee dependence of Cm (scatter graph in left scale) and Sm (line graph in right scale) of the 

Gdd compound. The dashed line indicates the limit R ln8. 

heatt in the investigated temperature range is quite similar to what is observed in 0 T. In 4T, 

however,, the sharp peak at 16 K is split into two anomalies. Thus, from the specific-heat 

measurements,, the field-induced magnetic transitions in this compound can be explicitly 

investigated.. Those intermediate transitions are eventually suppressed by further increasing 

thee applied field (see the curves in 8, 12 and 15 T in fig. 4.15). 

Att 15 T, only the peak relevant to the order-disorder transition is observed and shifts to 

lowerr temperature (approximately by 8K) compared with the position of the corresponding 

peakk in zero field (28 K). When applying the field up to 15 T, the "Gd-bump" still remains 

att around 7 K (i.e., 77TN = 0.25). This relatively small influence of the applied field is in 

accordancee with the result that at 4.2 K the Gd moments are only forced to be parallel in 

fieldss above 20 T. 

Thee magnetic contribution Cm in zero field was estimated by subtracting the corrected data 

off  YNi2Ge2 with the mass correction ratio 0.898. Fig. 4.16 shows that the Y data well 

representt the phonon spectrum of the Gd compound up to about 45 K. At higher 

temperatures,, the deviation between the two curves becomes larger. However, the 

magneticc entropy Sm reaches 1.97/? at 40 K, which is 95% of the theoretical value (see the 

insett of fig. 4.16). 
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Evenn though the compound shows a complicated magnetic behavior within the ordered 

state,, the generalized molecular-field model should still be applicable to describe the 

magnetizationn in the paramagnetic state, i.e., for the reciprocal susceptibility above 7N and 

forr the magnetization in the forced parallel configuration at 4.2 K. A good fitting was 

obtainedd for the susceptibility (see fig. 4.11), whereas the derivation from the best fitting to 

thee magnetization curve (fig. 4.12) demonstrates again the complex behavior in the order 

phase.. In these calculations, the value gyGd = 2 was taken and a small contribution from the 

electronn band was included. 

Thee magnetic parameters of GdNi2Ge2 derived from the measurements in this section are 

listedd in tab. 4.1. The fitting parameters are listed in tab. 4.2. 

4.3.44.3.4 GdCu2Ge2 

Thee temperature dependence of the reciprocal susceptibility measured in 1 T, the magnetic 

isothermm at 4.2 K and the CIT vs T curve in zero field of GdC^Ge: are shown in figs. 4.17, 

4.188 and 4.19, respectively. Fig. 4.17 shows that, above 15 K, the reciprocal susceptibility 

followss the Curie-Weiss law rather well. 

Inn the magnetization process at 4.2 K, the magnetization starts from the origin and 

increasess linearly with the applied field up to 10 T (fig. 4.18). Above 10 T, a change in the 

slopee of the curve is visible. The bending finishes around 17 T and at higher fields the 

magnetizationn reaches saturation. The Gd moment in the forced parallel configuration is 

determinedd from the high-field part of the curve above 20 T, JUQÓ = 7.0 |iB per Gd atom. 

Thee Néel temperature is determined precisely from the second order-type peak in the 

specific-heatt curve of GdCu2Ge, 7"N = 13 K (fig. 4.19). The broad "Gd-bump" (see section 

3.6)) is observed in the specific-heat curve at around 4.5 K (i.e., 7/TN ~ 0.35). The magnetic 

contributionn Cm was calculated by subtracting the corrected data of YCu2Ge2 with the mass 

correctionn ratio 0.901 and is presented in fig. 4.20. The magnetic entropy Sm was 

calculatedd as 1.92 R at 30 K, which is 92% of the theoretical value (see the inset of fig. 

4.20).. Above 7N up to 20 K an amount of magnetic entropy exists, indicating the short-

rangee order effect after the ordering transition. 

AA good fitting based on the generalized molecular-field model was achieved (see figs. 

4.17,, 4.18, and 4.20). In this case, because Cu has a full 3d band, no (or a very small) 

inducedd 3d-moment is expected. The fitting parameters are listed in tab. 4.2, in which the 
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Figuree 4.17. Temperature dependence of the reciprocal susceptibility of GdCu,Ge2 measured 

inn 1 T (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; the 

deviationn is due to the contribution of the itinerant band). 
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Figuree 4.18. Field dependence of the magnetization of GdCu2Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; 

dot:: itinerant band). 
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Figuree 4.19. C/T vs T data in zero field of GdCu2Ge: (solid square) and YCi^Ge;. (open square) 

afterr being corrected by the mass correction ratio 0.901. 

Figuree 4.20. Temperature dependence of Cm of GdCuiGei in zero field (The scatter graph gives 

thee experimental data, the line graph represents the fitting results). The inset shows Sm as a 

functionn of temperature, the dashed line indicates the limit R ln8. 
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exchange-interactionn coefficients nRT(Q). nRT(0), nrviQ), nrr(0) are set to nearly zero. 

4.3.54.3.5 GdRu2Ge2 

Wee have measured the temperature dependence of the susceptibility of a fixed-powder 

samplee of GdR^Ge; in 1 T (fig. 4.21). A linear behavior is observed in the part of the 

curvee above 50 K. Thus, in fact, the Curie-Weiss expression can be applied to extract some 

magneticc parameters for this compound. Unlike the other compounds in the series, the 

paramagneticc Curie temperature 8P of this one is found to have a large positive value. 37.2 

K.. The effective moment per Gd atom in the paramagnetic state was calculated to be 8.22 

j iB --

Alsoo in fig. 4.21. the molecular-field calculations for the susceptibility above Ts are 

presented.. The Néel temperature value used for fitting was determined from the specific-

heatt measurement in 1 T (see below). It is shown that a reasonable fit can be obtained with 

gjgj =2 and with an inclusion of a small contribution from the electron band. The fitting 

parameterss are listed in tab. 4.2. 

Thee high-field measurement on a free-powder sample at 4.2 K indicates that an applied 

fieldd of approximately 4 T is sufficient to force the Gd moments in the parallel configuration 

(fig.. 4.22). 

Thee results shown in the inset of fig. 4.22 are a further illustration of the complex character 

off  the magnetic ordering in GdRu^Ge;. At all investigated temperatures, the magnetization 

doess not increase linearly with increasing field but shows steps in the magnetization 

curves.. This anomalous behavior can be attributed to the occurrence of different field-

inducedd magnetic phases. These field-induced transitions start already when the applied 

fieldd comes close to 1 T for all investigated temperatures. This instability of the 

antiferromagneticc ground state corresponds closely to the positive value of the 

paramagneticc Curie temperature 8V as derived from the temperature dependence of the 

reciprocalreciprocal susceptibility. This means that the overall interaction is positive (ferromagnetic), 

soo that in applied fields magnetic structures with a large homogeneous component are 

preferred.. Consequently, the magnetization curve of GdRu:Ge2 (fig. 4.22) looks roughly 

likee that of a ferromagnetic compound. The magnetic moment per Gd atom at 4.2 K was 

evaluatedd as 7.2 \1B by extrapolating the magnetization in the high-field part down to zero 

field.. In this case, we cannot attain a reasonable fit for the saturation part of the magnetic 
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Figuree 4.21. Temperature dependence of the reciprocal susceptibility of GdRu2Ge2 measured in 

11 T (squares: experimental data; black line: fitting to the Curie-Weiss expression; gray lines are 

calculated,, solid: total; dash: Gd moments; the deviation is due to the contribution from the 

itinerantt band). 

3 3 

5 5 

7 7 

6 6 

5 5 

4 4 

3 3 

2 2 

1 1 

n n 

/f.
u.

) )
 

..  3 

ii 1 1 

8 8 

7 7 

6 6 

5 5 

4 4 

.1 1 

2 2 

" l l 

 è 

. . 
i i 

""  1.7 K 
oo 5K 
»» 10 K 
AA  20 K 

22 3 4 5 
B(T) ) 

i . i . . 

100 IS 
B(T) ) 

20 0 25 5 

Figuree 4.22. Field dependence of the magnetization of GdRu2Ge2 measured on free powder at 

4.22 K. The inset shows the MvsB curves taken at 1.7, 5, 10 and 20 K from 0 to 5 T. 
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Figuree 4.23. Electron-probe micrograph of GdRuiGe2. The main matrix has composition 

GdRu2Ge:.. The light spots are Gd oxide. The black lines and spots are due to micro-cracks on 

thee surface. 

isothermm when we keep gjG(i = 2 as we have done so far. It might be that gj adopts a 

largerr value. However, more experimental evidence and theoretical considerations are 

neededd to justify such an assumption. Anyway, we consider this problem not to lie within 

thee scope of this thesis. 

Thee specific heat of the compound has been measured in different applied fields and is 

presentedd in fig. 4.24. With increasing temperature, the specific-heat curve in zero field 

showss a "Gd-bump" at around 9 K (i.e., T/TN ~ 0.35) (see section 3.6) and then undergoes 

twoo ordering transitions at around 29 and 35 K. EPMA analysis has been carried out for 

thiss sample in order to obtain information of the chemical composition. The result is 

depictedd in fig. 4.23. The stoichiometric composition GdRuiGe: was found for the matrix. 

Inn addition, the light spots in the electron-probe micrograph are due to a small amount of 

Gdd oxide. This also gives rise to a small anomaly at around 3.5 K on the specific heat 

curvess in low fields, which corresponds to the magnetic ordering transition of GdiCh 

reportedd previously [12]. From these EPMA data, it can be confirmed that the sample is 

singlee phase. Hence, the two magnetic phase transitions observed in the specific-heat 

measurementss represent an intrinsic property of the compound. These two peaks are 

completelyy suppressed in a magnetic field of 6 T, which is in accordance with the HFFP 

measurementt at 4.2 K, which show that the Gd moments are forced to be parallel. 
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Figuree 4.24. CIT vs T curves of GdRu2Ge2 taken in different applied magnetic fields. 
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Figuree 4.25. C/T vs T data in zero field of GdRu2Ge2 (solid square) and YRu2Ge2 (open square) 

afterr being corrected by the mass correction ratio 0.922. The inset shows the zero-field 

temperaturee dependence of Cm (scatter graph in left scale) and Sm (line graph in right scale) of the 

Gdd compound. The dashed line indicates the limit R ln8. 
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Thee specific heat of YRuiGei has been used to estimate the non-magnetic contribution (see 

fig.. 4.25). The mass correction used for the Debye temperatures is 0.922. In comparison to 

otherr cases, the specific heat data of YRuiGei do not well represent the phonon spectrum 

off  GdRu^Ge?. A cross-over of the two curves happens at 55 K. The magnetic entropy of 

GdRuiGeo.. however, reaches 2 R at 55 K. i.e. 96 % of the theoretical value for Gd + (see 

thee inset of fig. 4.25). Above 35 K (taken as the Néel temperature), a large amount of 

magneticc entropy distributes up to 55 K. 

Thee magnetic parameters of GdRuiGei derived from the measurements in this section are 

listedd in tab. 4.1. 

4.3.74.3.7 GdRh2Ge2 

Thee susceptibility of GdRfbGei measured in 1 T as a function of temperature is presented 

inn fig. 4.26. Above 95 K Curie-Weiss behavior is observed. 

0.55 ' ' ' ' '—' ' ' ' ' ' ' ' 
00 50 100 150 200 250 300 

T(K) ) 

Figuree 4.26. Temperature dependence of the reciprocal susceptibility of GdRlbGe? measured in 

11 T (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; the 

contributionn from the itinerant band does not show up in the scale of the figure). 
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Figuree 4.27. Field dependence of the magnetization of GdRh:Ge2 measured on free powder at 

4.22 K (open circles: experimental data; lines are calculated, solid: total; dash: Gd moments; dot: 

itinerantt band). 

Thee field dependence of the magnetization measured on free powder at 4.2 K is depicted in 

fig.. 4.27. The magnetization increases more or less linearly with increasing applied field 

fromm zero up to 35 T. The results show a strong antiferromagnetic coupling in this 

structure.. Consequently, in comparison to other members of the series, this compound has 

aa very high ordering temperature. From the specific-heat data in zero field, the Néel 

temperaturee 7"N was determined as 93 K. The CIT vs T curve of GdRh2Gei in fig. 4.28 

confirmss that there is only one second order-type peak, characteristic for the transition 

fromm the paramagnetic to the ordered state. Somehow, some small anomalies are clearly 

seenn in the curve below 5 K. Those peaks are probably due to the presence of Gd oxide or 

(and)) of some other impurities. 

Thee magnetic parameters derived from these measurements in this section are listed in tab. 

4.1. . 

Ann effort was also made to estimate the magnetic contribution to the specific heat of this 

compound.. The specific heat of the isomorphous Y compound has been measured and used 

ass the non-magnetic background. Even though the CIT values of both materials coincide at 

temperaturess above 100 K (see fig. 4.28), the subtracted data show a huge loss in magnetic 

Gd d 
 itinerant band 

-total l 
experiment t 
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entropy.. In fig. 4.29. one can see that up to 140 K, Sm attains only about 85 % of the 

theoreticall  value. Apparently, the subtraction results are poor for this case. Due to the high 

magneticc ordering temperature (93 K), the magnetic entropy is distributed in a much wider 

temperaturee range in comparison to the other members in the series. As a consequence, Cm 

adoptss smaller values in order to satisfy the entropy conservation. In combination with the 

inaccuraciess of the measurements at higher temperatures, subtracting the two sets of 

experimentall  data may result in large errors. 

Anyway,, the magnetization and specific-heat results indicate that GdRIbGe2 shows the 

characteristicss of an EM system, being reflected by the linear magnetization process at 4.2 K. 

thee Curie-Weiss behavior of the reciprocal susceptibility in 1 T and by the single ordering 

peakk in the specific-heat curve. Also the "Gd-bump" (see section 3.6) is clearly seen 

inn fig. 4.29 at T = 28 K (i.e., T/TN ~ 0.3). Thus, an analysis in the generalized 

molecular-fieldd model appears to be justified. The calculated results are shown in figs. 

4.26,, 4.27 and 4.29. The fitting parameters are listed in tab. 4.2. 
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Figuree 4.28. C/T vs T data in zero field of GdRhiGe? (solid square) and YRh^Gei (open square) 

afterr being corrected by the mass correction ratio 0.92. 
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Figuree 4.29. Temperature dependence of Cm of GdRh2Ge2 in zero field (The scatter graph gives 

thee experimental data, the line graph represents the fitting results). The inset shows Sm as a 

functionn of temperature, the dashed line indicates the limit R ln8. 

4.3.64.3.6 GdPd2Ge2 

Thee inverse susceptibility of GdPaSGei measured in 1 T reflects the Curie-Weiss law at 

temperaturess above 20 K up to room temperature (fig. 4.30.a). 

Basedd on the susceptibility data in this temperature range, the best linear fit using eq. 4.1 

givess the values of the paramagnetic Curie temperature dp and the effective moment JU^B, -36.6 K 

andd 8.28 \1B per Gd atom, respectively. The magnetic isotherm at 4.2 K of a free-powder 

samplee in fig. 4.30.b also exhibits the familiar behavior of a simple antiferromagnet. The 

bendingg process reaches completion at around 30 T. The magnetic moment per Gd atom 

wass estimated as 7 U.B at 4.2 K from the high-field part. 

However,, the specific-heat measurement in zero applied field shows multiple magnetic 

phasee transition within the ordered state (fig. 4.32). Three anomalies are observed in this 

casee at approximately 7.5, 10 and 17 K. 

Thee one at 17 K is relevant for the transition to the paramagnetic state. An EPMA analysis 

hass been performed for this sample and the results are specified in fig. 4.31. According to 

thiss analysis, it is unambiguous that these magnetic and specific-heat properties are due to 
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Figur ee 4.30. (a) Temperature dependence of the reciprocal susceptibility of GdPd:Ge2 measured 

inn 1 T (squares: experimental data; black line: fitting to the Curie-Weiss expression; gray lines are 

calculatedd on the basis of the generalized molecular-field model, solid: total; dash: Gd moments; 

thee difference is due to the itinerant band); (b) Field dependence of the magnetization of 

GdPd2Ge22 measured on free powder at 4.2 K (squares: experimental data; lines are calculated, 

solid:: total; dash: Gd moments; dot: itinerant band). 

Figur ee 4.31. Electron-probe micrograph of GdPd2Ge2. The main matrix has composition 

GdPd:Ge2.. The light spots are Gd oxide. The black lines are cracks on the surface. 
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Figuree 4.32. C/Tvf, T curves of GdPdiGei taken in different applied magnetic fields. 
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Figuree 4.33. C/T vs T data in zero field of GdPd2Gei (solid square) and YPd2Ge2 (open square) 

afterr being corrected by the mass correction ratio 0.922. The inset shows the zero-field 

temperaturee dependence of C„,  (scatter graph, left scale) and Sm (line graph, right scale) of the Gd 

compound.. The dashed line indicates limit R In8. 

thee stoichiometric composition GdPcbGe;>. The intermediate transitions are still observed in 

thee whole range of applied magnetic fields up to 15 T. 

Thee magnetic contribution Cm in zero field was determined using the corrected specific-

heatt data of the corresponding Y compound with the mass correction ratio 0.922. The 

resultss are exhibited in fig. 4.33. Above 7"N = 17 K, there exists a noticeably high amount 

off  entropy. At 50 K where Cm goes almost to zero, the magnetic entropy Sm attains 2.02 /?, 

i.e.i.e. 97% of the theoretical value for Gd +. The magnetic parameters of GdPd2Ge2 derived 

fromm the measurements in this section are gathered in tab. 4.1. 

Thee generalized molecular-field model was applied to reproduce the magnetization in the 

paramagneticc state and the ordering transition. The calculated results for the reciprocal 

susceptibilityy above Ty and for the magnetization in the forced parallel configuration at 4.2 K 

aree shown in fig. 4.30. In these calculations, the value gjGÓ was fixed to 2 and a small 

contributionn from the electron band was taken into account. The fitting parameters are 

listedd in tab. 4.2. 
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4.44 Discussion 

Wee now give some general comments on the magnetic parameters of the GdT2Ge2 (T = 3d, 

4d)) compounds based on the results described above. The trend of the Néel temperature 

shownn in tab. 4.1 is reminiscent of that found in the isotypic GdT2Si2 series [5]. In both 

seriess maxima of 7N are found for T = Co and Rh, which metals are in the same column in 

thee periodic table. As a further correspondence between both series we mention that the 

valuee of the paramagnetic Curie temperature for T = Ru is positive (37.2 K for GdRu2Ge2, 

38.77 K for GdRu2Si2) and that the paramagnetic Curie temperature for T = Rh is very close 

too zero (-0.8 K for GdRh2Ge2, -2.1 K for GdRu2Si2). 

Thee moment per Gd atom in the paramagnetic region (//efr) and that found in the forced 

parallell  configuration at 4.2 K (jicd) are listed in tab. 4.1. In all cases, the effective moment 

off  Gd in these compounds is slightly higher than the value /4ff = gjGd[J(J+\)] u2\iB = 7.94 U,B 

expectedd for Gd3+ ions with gjGd = 2 and J = 7/2. 

Tablee 4.1. Magnetic properties of the GdT2Ge2 compounds derived from DC susceptibility, HFFP, 

andd zero-field specific-heat measurements (/",,, Ta indicate intermediate magnetic phase transition 

temperatures).. 7"N, 7"„  9V in [K], /4ff, //Cd at 4.2 K in [|iB/Gd at.]. 

Compounds s 

GdFe2Ge2 2 

GdCo2Ge2 2 

GdNi2Ge2 2 

GdCu2Ge2 2 

GdRu2Ge2 2 

GdRh2Ge2 2 

GdPd2Ge2 2 

Specific-heat t 
measurements s 
inn zero field 

TTN N 

11.3 3 

36.0 0 

28.0 0 
(7,, 16.0) 

13.0 0 

32.0 0 
(7",, 29.0) 

92.0 0 

17 7 
(7„„  7.5, Tl2 10) 

DCC susceptibility measurements 

% % 

--

-21.1 1 

-23.8 8 

37.2 2 

-0.8 8 

-36.6 6 

/4-rr r 
--

--

8.37 7 

8.06 6 

8.22 2 

8.24 4 

8.28 8 

HFFP P 
measurements s 

Med Med 
6.3 3 

--

7.1 1 

7.0 0 

7.2 2 

--

7.0 0 

Inn previous studies [4-7], the explanation for the excess moment is attributed to a 

contributionn of the Gd valence electrons, coming primarily from local 5d electrons 
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polarizedd by the 4f-5d exchange interaction. However, the present investigation indicates 

thatt the molecular-field calculations can also give reasonable fitting results for the 

susceptibilityy of all compounds in the paramagnetic region with gjGd = 2 and with the 

involvementt of an itinerant electron band. In particular, the strong deviation from linearity 

off  the temperature dependence of the reciprocal susceptibility above TV. in the Fe and Co 

compoundss is interpreted as evidence for a contribution of the non-4f electrons. 

Thee magnetic moment of Gd in the forced parallel configuration, //od- has been determined 

fromm the saturation part of the magnetization curves for GdFe2Ge2. GdNi2Ge2, GdCu2Ge2. 

GdRu2Ge2.. and GdPd2Ge2. For the last four compounds, this value is close to the 

theoreticall  value gjGd J/JB = 7 | iB for free Gd3+ ions at 0 K, but a considerable reduction of 

thee moment value is found for GdFe2Ge2. This reduction of the Gd moment down to 6.3 jaB 

(ass stated in tab. 4.1) is then ascribed to the negative 3d polarization. 

Tablee 4.2. Fitting parameters for the temperature dependence of the reciprocal susceptibility, the 

fieldd dependence of magnetization at 4.2 K and the specific-heat data of GdT2Ge: (T: Fe. Co, Ni, 

Cu.. Ru. Rh. Pd). 7V. in [K] , nm(Ql nRR(0). nRT(0) and am in [Tf.u./uB], a1T in [Tf.u./uBK :], bT0 in 

[Tf.u.VjV] .. In the calculations, we kept gf'0 = 2, nRT(Q) = nT\{Q) = «TT(0) = 0. 

Compounds s 

GdFe2Ge2 2 

GdCo2Ge2 2 

GdNi2Ge2 2 

GdCu2Ge2 2 

GdRu2Ge2 2 

TV. . 

11.3 3 

36 6 

«<IT T 

80 0 

20 0 

288  150 

" : T T 

0.0003 3 

0.0003 3 

0.003 3 

133 ! 500 1 0.0001 

355 150 

GdRh2Ge22 93 , 400 

GdPd2Ge2 2 177 | 80 

0.001 1 

0.0005 5 

0.002 2 

km km 

0 0 

1000 0 

300 0 

0 0 

0 0 
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AA full evaluation of the polarization of the non-4f electrons has been presented on the basis 

off  the generalized molecular-field model for the Fe, Co, Cu, and Rh compounds. The 

fittingg parameters for each compound are shown in tab. 4.2. We have assumed that the 

magneticc structure of those compounds is an EM system and can be represented by a single 

qq mode within the ordered state, in which helical magnetic structures are allowed. Such an 

antiferromagneticc structure has actually been observed in a recent neutron diffraction study 

off  HoFe2Ge2, the moment being oriented along the c direction [13]. Although the moment 
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directionn may be different (in the isotropic model only determined by a bias field), it is not 

unlikelyy that also GdFe2Ge2 adopts this type of antiferromagnetic ordering because it has 

alsoo been reported to occur for several other members of the RFe2Ge2 series [14]. 

AA complex magnetic behavior was found for GdNi2Gei, GdRu2Ge2 and GdPd2Ge2. The 

magneticc phase diagrams for the three compounds, which were constructed on the basis of 

thee specific-heat results in different applied magnetic fields and of the magnetic isotherm 

att 4.2 K, are depicted in fig. 4.34. In the ordered state, for the Ni and the Pd compounds, 

threee types of antiferromagnetic ordering (AFl, AF2 and AF3) and for the Ru compound, two 

typess (AFl, AF2) are observed as a function of temperature and applied magnetic field. 
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Figuree 4.34. Magnetic phase diagram of GdNi2Ge2, GdRu2Ge2 and GdPd2Ge2 obtained from 

specific-heatt and magnetization measurements. The lines are guides to the eye. 
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Thee specific-heat measurements appeared to be very useful for detecting magnetic phase 

transitionss in these Gd compounds. Moreover, these measurements performed in applied 

magneticc fields, can be effectively combined with the high-field magnetization 

measurementss in the study of the magnetization process. 

Thee magnetic contribution Cm can be derived by subtracting a non-magnetic reference 

usingg the many-Debye function correction. In general, the isotypic Y compounds show 

too be adequate as non-magnetic reference. The magnetic entropy 5m has also been 

calculatedd and listed in tab. 4.3. It was found that for the Ni. Ru and Pd cases, the full value 

off  5m calculated from the experimental data is in excellent agreement with the theoretical 

valuee for Gd3+. i.e. 959c, 96%, and 97% of R In8, respectively. On the other hand, for the 

Fe.. Co. and Cu compounds, although the specific-heat measurements were started from a 

veryy low temperature (about 400 mK), the calculated value of Sm is about 10% lower than 

thee expected value. Possibly, the explanation lies in the lattice correction process, because 

thee magnetic contribution above TN is much smaller than the portion in the ordered state 

butt distribute up to high temperatures where the lattice contribution becomes dominantly 

large.. In such cases, an overestimation of the lattice contribution will cause a too low value 

off  the total magnetic entropy. For Rh, as already mentioned, the actual low values of Cm 

makee the estimation even more difficult. 

Tablee 4.3. Magnetic contribution to the specific heat near the magnetic ordering temperature of 

GdT2Ge22 compounds. Comparison between the calculated full entropy Sm and the theoretical value 

forr Gd3+ is also given. 

Compounds s 

GdFe2Ge2 2 

GdCo2Ge2 2 

GdNi2Ge; ; 

GdCu2Ge2 2 

GdRu2Ge2 2 

GdPd2Ge2 2 

CCmm\\ T^Ty (J/molK) 

16.15 5 

18.65 5 

12.7 7 

23.3 3 

14.8 8 

15.95 5 

SJRSJR In8 (%) 

91 1 

89 9 

95 5 

92 2 

96 6 

97 7 

Forr the four compounds Fe. Co, Cu and Rh. we have generated the temperature 

dependencee of Cm in zero field (and in different applied fields for the Fe case) using the 

samee fitting parameters for the susceptibility and magnetization data. As can be seen in the 

previouss sections, the calculated results satisfactorily describe the experimental data in a 
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qualitativee way. For all investigated compounds in the series, a noticeable amount of the 

magneticc entropy above TN has been observed. This is ascribed to some short-range order 

effect.. This phenomenon and other critical phenomena near the Néel temperature are. so 

far,, not taken into account in the generalized molecular-field model, resulting in a 

differencee between the distributions of the calculated and experimental magnetic entropy 

withh temperature. 

Finally,, we discuss the specific-heat discontinuity at the ordering temperature of those 

compounds.. A model within the mean-field theory has been developed by Blanco et al. [9] 

inn order to analyze the specific heat of magnetically ordered Gd systems. A more detailed 

analysiss has been developed by Rotter [15] which, for our purposes in general, gives the 

samee results. By taking into account some weak anisotropy of the exchange coupling or 

crystall  field, amplitude-modulated (AM) magnetic structures were assumed to exist. It was 

foundd that the specific-heat discontinuity at the ordering temperature is reduced for AM 

compoundss by a factor of 2/3 relative to that expected in the case of EM systems. In other 

words,, with J - 1/2, the jump in the molar heat capacity Cm may vary between 14 J/molK 

andd 20 J/molK, corresponding to AM and EM magnetic structures, respectively. The 

resultss of the model were compared to specific-heat measurements on a number of Gd 

compoundss (GdCu2Si2, GdNi2Si2, GdGa2, GdCu5). 

Thee values of Cm at 7"N of GdT2Ge2 obtained from experiments are shown in tab. 4.3. 

Thosee for the Ni, Ru and Pd compounds are 12.7 J/molK, 14.8 J/molK and 15.95 J/molK, 

respectively.. According to the above theoretical derivation, an AM magnetic structure is 

expectedd for these compounds just below 7N. On the other hand, the values of Cm at TN for 

thee GdCo2Ge2 and GdCu2Ge2 show that an EM magnetic structure is appropriate. For the 

Fee compound, a low jump value was found at 9.8 K (see tab. 4.3). Actually, an 

overestimationn of the lattice contribution may have been made during the subtraction 

processs for this compound (total magnetic entropy attains only 91% of the full expected 

value).. A higher value for Cm compared to 16.15 J/molK is then expected. It should be 

noticedd that the maximum of the jump in the C/T vs T curve in zero field of GdFe2Ge2 

occurss at 9.8 K, which is lower than the Néel temperature taken to be 11.3 K. According to 

thee analyses in [9], this could be due to a transition from AM to EM magnetic structure in 

thiss temperature range. Anyway, our assumption of an equal magnitude system for the Fe, 

Coo and Cu within the ordered state and the concurring calculated results for the specific 

heatt are in harmony with the point of view from the model of Blanco for the EM case. 
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4.55 Conclusions 

Fromm the results of this investigation, the magnetic properties of the GdT2Ge2 compounds 

cann be summarized as follows: 

-- The behavior of the GdT2Ge2 compounds is. not unexpectedly, rather similar to that of 

thee GdT2Si2 compounds. In general, these compounds behave as antiferromagnets. 

-- The magnetization and specific-heat data of GdFe2Ge2. GdCo2Ge2, GdCu2Ge2. and 

GdRh2Ge22 can be well described by the generalized molecular-field model in chapter 3. 

Thesee compounds can be satisfactorily described as having magnetic structures with equal 

magneticc moments. 

-- The magnetic structure was found to be complex for the compounds GdNi2Ge2. 

GdRu2Ge2.. and GdPd2Ge2. The specific-heat results of those compounds suggest an 

amplitude-modulatedd structure at temperatures right below the Néel temperatures 

(Blanco/Rotterr model). Also, from the specific-heat measurements, multiple magnetic-

phasee transitions were found for the three compounds. In line with these observations, 

indicationss for a field-induced transition have been found in the magnetization curves at 

differentt temperatures of the Ni and Ru ones. 

-- In the paramagnetic state, the effective Gd moment was found to be enhanced if a simple 

Curie-Weisss law is applied. Previously, many investigations have suggested that this 

enhancementt is likely related to a positive contribution of the non-4f electrons of Gd, 

mainlyy from 5d electrons induced by the 4f-5d exchange interaction. In this case, the 

combinedd 4f and 5d moment is treated as one correlated entity with J = 7/2 and ^cft
Gd > 2. 

Inn our case, the calculations based on the formalism in chapter 4 have shown that the 

reciprocall  susceptibility above the Néel temperature can also be well described by keeping 

gjgj = 2 and taking into account a contribution of the itinerant band. At 4.2 K, in the 

forcedd parallel configuration a small high-field susceptibility is generally observed, which, 

inn our model, is accounted by the induced magnetization of the band. In the case of 

GdFe2Ge2,, the negative contribution of (presumably) the itinerant 3d electrons is obvious 

whenn the Gd moments are forced into the parallel configuration. However, this agreement 

mustt not be considered as evidence for the value gjG<i - 2, since, undoubtedly, the model 

wil ll  produce satisfactorily fitting results for an adapted gjGd value too. 
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