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Chapterr  6 

Magneticc behavior  of a TbFe4.4Al7.6 single crystal 

6.11 Introductio n 

Inn the previous chapter, the discussion is mainly focused on the GdT4Alg compounds in 

whichh the T sublattice is non-magnetic (T = Cr, Mn, Cu). The magnetic properties of those 

compoundss are dominantly governed by the interaction between the 4f electrons of the Gd 

atoms.. These studies gave us an opportunity to estimate the Gd-Gd interaction and 

concludee that the coupling between the Gd moments is fairly weak and leads to 

antiferromagneticc ordering at rather low temperatures. 

However,, much more complicated characteristics of magnetism have been observed for the 

RFe4Al«« compounds in which the Fe sublattice also carries a magnetic moment [1-13]. The 

studiess on the RFe4Al8 compounds where R = La, Ce, Y, Lu or Th have shown that their 

magneticc ordering is dominated by the Fe-Fe antiferromagnetic (AF) interaction which 

leadss to Néel temperatures between 140 and 200 K [12]. Because the magnitude of the R-R 

interactionn is much smaller than that of the R-Fe and Fe-Fe ones, the interplay between the 

latterr two kinds of interaction is expected to determine the magnetic ordering at lower 

temperatures.. In compounds with heavy rare earths, due to the fact that both R-Fe and Fe-Fe 

interactionss are of antiferromagnetic nature, usually complex magnetic structures are 

formedd [14, 15]. To tackle this problem, different measuring techniques have been applied 

onn a polycrystalline TbFctAls sample, including magnetization, specific-heat and neutron-

diffractionn measurements [14]. The neutron powder-diffraction investigation revealed that 

beloww 110 K. the magnetic ordering can be described by two wave vectors: q\ = 0, and q2 

==  (cjx, q*, 0), the latter having a temperature dependent length. The ordering associated with 

thesee two wave vectors occurs simultaneously below 110 K. In the temperature range of 

40-1100 K, the neutron data indicate that the magnetic ordering associated with q\ = 0 is 
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exclusivelyy due to ferromagnetic Tb contributions with moments in the basal plane. The 

orderingg associated with q  ̂= (qx. q*. 0}  in the same temperature range corresponds to a 

cycloidd spiral structure comprising Tb as well as Fe contributions. The moments of both 

sublatticess rotate in the (001) plane. The overall structure is a distorted cycloid with an 

ellipticall  envelope for the Tb subsystem. Below 40 K the q\ = 0 structure comprises 

ferromagneticc Tb as well as antiferromagnetic Fe contributions in the basal plane. The 

cycloidd spiral structure associated with qi remains, but the overall structure now exhibits a 

distortionn of the Fe cycloid spiral too. Also specific-heat studies have shown that the Tb 

contributionn becomes increasingly important when the temperature decreases below about 

1000 K. An anomaly at about 23 K was observed in the magnetic contribution to the 

specificc heat [14]. 

Thiss chapter is devoted to analyze the unusual magnetic properties of a TbFe-uAly 6 single 

crystal.. Various interesting phenomena including thermal-history effects, hysteresis, field-

inducedd magnetic and structural transitions have been found by magnetic and 

magnetostrictionn measurements. The role of the CEF anisotropy of Tb in this case is taken 

intoo account in the interpretation. 

6.22 Experimental 

6.2.16.2.1 Single-crystal preparation and characterization 

AA single-crystalline rod of TbFe4Als was grown by means of floating-zone technique, 

startingg from the nominal composition with an excess amount of Tb and Al as mentioned 

inn section 2.1. During the growth process, the pulling rate and the rotation speed of the 

materiall  rod and the seed crystal was kept at 1.2 mm/h and 20 rpm, respectively. 

AA piece cut from the grown rod was powdered and shown by X-ray diffraction to have the 

tetragonall  ThMni: structure. EPMA analysis showed that the sample is homogenous (fig. 

6.1)) and the actual composition of the single crystal is 7.5 at.% Tb, 34.2 at.% Fe and 58.3 

at.%% Al, which corresponds to the formula composition Tbo^sFe-usA^.57. 

X-rayy Laue diffraction patterns were taken at different positions on the surface of the as-

grownn crystal. The very good agreement between these pictures confirms the good quality of 
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Figuree 6.1. The EPMA picture of a single Figure 6.2. The X-ray Laue pattern of a single 

crystall  of the approximate formula composition crystal of the approximate formula 

TbFe4.4Al 76.. composition TbFe44Al 76 oriented along the 

[001]]  direction. 

thee single crystal. The Laue technique was further used to orient the sample for 

measurementss along various crystallographic directions (see, e.g. fig. 6.2). 

6.2.26.2.2 Magnetic measurements 

Thee temperature dependence of the magnetization was studied in a SQUID magnetometer 

inn the temperature range 4.2-300 K in fields from 0 to 5 T (see section 2.3.2). 

Thee hysteresis loops were measured along different crystallographic axes of the single 

crystall  in a MAGLA B magnetometer at 4.2 K in fields from -9 to 9 T (see section 2.3.2). 

Thee field dependence of the magnetization at 4.2 K of the free-powder sample was 

measuredd at the High-field Installation at the University of Amsterdam (see section 2.3.2). 

Thee magnetostriction measurements were carried out at 4.2 K in fields from -8 to 8 T (see 

sectionn 2.5). 
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6.33 Results and discussion 

6.3.16.3.1 Thermomagnetic behaviors 

Thee temperature dependence of the magnetization measured on the single crystal in a field 

off  0.05 T applied along the [001] direction is shown in fig. 6.3. The magnetization in this 

directionn is fairly weak. There is a maximum at about 160 K. which is close to the 

temperaturee where Mössbauer spectroscopy has revealed the onset of magnetic ordering of 

thee Fe sublattice [2]. In the same figure we show the temperature dependence of the 

magnetizationn measured in the same direction in a much stronger field of 5 T. In the latter 

case,, the sample was cooled to 5 K in the presence of the magnetic field in the [001] 

directionn before measurement. Both curves show roughly the same behavior. 

AA distinctly different behavior is observed when the measurements are made with the field 

appliedd in the [100] direction. As can be seen in fig. 6.4. after cooling in zero field, the 

M(T)M(T) curves all show maxima that shift to lower temperatures when the field strength is 

increased.. These maxima are no longer observed after cooling in a magnetic field of 5 T 

(seee fig. 6.5). After field cooling (FC), the magnetization is much larger, and the maximum 

presentt in the zero-field cooled (ZFC) curve at above 50 K is completely absent. The latter 

curvee is reminiscent of a ferromagnetic or ferrimagnetic compound, although below about 

233 K. the magnetization increases somewhat more strongly with decreasing temperature. 

Thiss stronger rise of the magnetization occurs at the same temperature at which an 

anomalyy has been reported in the specific heat [14]. It should be emphasized that the field 

coolingg has led to an increase of the low-temperature magnetization by two orders of 

magnitude,, although the measuring field was kept the same. Such strong field cooling 

effectss are reminiscent of spin-glass or spin-cluster behavior. 

Inn a recent muon-spin-relaxation study [16], zero field-, longitudinal field- and transverse 

field-- nSR measurements in the same crystal showed identical relaxation behavior which 

wass best fitted by a stretched exponential P{t) = PQ exp(- faf with k approaching 100 |_is"' 

nearr the onset temperature of magnetic ordering of the Fe sublattice (7N) and (3 changing 

fromm 1 at high temperature to ~ 1/3 at 7N. Such a behavior is indicative of a spin-glass-like 

behavior,, which is in good agreement with the above thermomagnetic measurements. In 

contrast,, the relaxation behavior in theYFciAls compound above 7\< is governed by the static 
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Figuree 6. 3. Temperature dependence of the magnetization measured with increasing temperature 

onn a single crystal of the approximate formula composition TbFe4.4Al7 6 with fields of 0.05 T and 

55 T applied in the [001] direction, after cooling to 5 K in zero field and in field, respectively. 
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Figuree 6.4. Temperature dependence of the magnetization measured with increasing temperature 

onn a single crystal of the approximate formula composition TbFe4.4AI7.6 in various fields applied in 

thee [100] direction after cooling to 5 K in zero field. 
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Figuree 6.5. Temperature dependence of the magnetization measured with increasing temperature 

onn a single crystal of the approximate formula composition TbFe44Al 76 with the field of 0.05 T 

appliedd in the [ 1001 direction: (a) after cooling to 5 K in zero field, (b) after cooling to 5 K in 5 T. 

fieldd spread due to the Al-nuclear moments. These results seem to imply that the observed 

spinn freezing in TbFe4.4Al76 is associated with the Tb-sublattice, indicating that frustration 

playss an important role in this subsystem, at least for not too low temperatures. 

6.3.26.3.2 Magnetization processes 

6.3.2.6.3.2. J Magnetization loops along the main crystallographic axes 

Thee field dependence of the magnetization at 5 K measured along different 

crystallographicc axes is shown in fig. 6.6. The isotherm performed along the [001] 

directionn shows linear behavior up to the highest applied field (5 T). The magnetization 

remainss low and there is no hysteresis. When the field is applied along the [100] direction 

inn the basal plane, the magnetization is much larger and the initial magnetization curve 

displayss a field-induced transition at a critical field Ho#criioo] = 4.2 T to a state with a 

strongg ferromagnetic component. When decreasing the field strength after reaching 9 T. 

thiss magnetic moment is retained even for negative fields. Such an extremely strong 

magneticc hysteresis and the concomitant high coercivity are generally encountered in 

permanent-magnett materials. However, unlike in permanent magnets, the virgin magnetization 
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Figuree 6.6. Field dependence of the magnetization at 5 K measured on a single crystal of the 

approximatee formula composition TbFe4.4Al7.6 with the field applied in the [100], [110] and [001] 

direction.. The inset shows the field dependence in the [010] direction after the crystal had been 

magnetizedd in a field of 9 T in the [100] direction and the field has subsequently been reduced to 

zero. . 
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Figuree 6.7. Field dependence of the magnetization measured with decreasing field strength at 

variouss temperatures on a single crystal of the approximate formula composition TbFe4.4Al 76 with 

thee field applied along the [100] direction. 
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curvee falls mainly outside the hysteresis loop in the present material. The hysteresis 

behaviorr at different temperatures is shown in fig. 6.7. The coercivity is seen to depend 

stronglyy on the temperature, a fact that is shown in more detail in fig. 6.8. 

Thiss field-induced transition in the [100] isotherm can be interpreted as a transition from 

thee ordering modes described earlier to a ferrimagnetic state. The ferrimagnetic state with 

antiparallell  Tb and Fe sublattice moments has been observed by powder-neutron 

diffractionn to be present already in zero field in the RFe5Al 7 compounds which have 

slightlyy higher Fe concentration [17]. Once magnetized in the a direction with an applied 

fieldd larger than the critical field, the single crystal behaves like a small permanent magnet 

withh a remanent moment equal to A/r|ioo] = 3.20 uB/f.u. at 5 K. This is more clearly seen in 

fig.. 6.9 where we show the component of the remanence in zero field as a function of the 

measuringg direction in the basal plane. 
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Figuree 6.8. Temperature dependence of the Figure 6.9. The component of the remanence 

coercivityy in a single crystal of the approximate as a function of measuring direction in the 

compositionn TbFe44Al76 measured with the field basal plane measured at 5 K in zero field on a 

appliedd along the [100] direction. single crystal of the approximate composition 

TbFe44Al766 after the crystal had been 

magnetizedd in a field of 9 T in the [100] 

directionn and the field has subsequently been 

reducedd to zero. The line is a guide to the 

eyes. . 
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Revealingg in this respect is also the magnetization behavior shown in fig. 6.6, with the field 

appliedd in the [110] direction. The results shown in fig. 6.6 are consistent with the 

followingg picture: in a field higher than, say, 7 T the material is forced into the 

ferrimagneticc state described above, partitioned in domains in which either the a direction 

orr the b direction is the easy direction. Moreover, if we assume that the in-plane anisotropy 

iss very large, the (zero-field) remanent moment observed in the [110] direction should be 

aboutt Afr|ioc)]/V2 = 2.26 uWf-u., in fair agreement with the results shown in fig. 6.6. 

Inn this connection, it is interesting to investigate the field dependence of the magnetization 

withh the field applied in the b direction, after the crystal has been fully magnetized in the a 

direction.. Preliminary results are shown in the inset of fig. 6.6. Initially, the magnetization 

increasess only very modestly with increasing field strength, suggesting an in-plane 

magnetocrystallinee anisotropy of substantial magnitude. The slope is about twice that of 

thee measurement in the c direction, so the in-plane anisotropy is much smaller than that for 

thee c direction. For a value of the field along b somewhere between 3 T and 4 T, a jump-

likee increase of the magnetization occurs, up to values similar to those obtained in the a 

directionn when originally magnetizing the crystal in the latter direction. It is also seen that 

aa remanence of 3.2 u,e/f u. has been attained, now along b. This means that the relative role 

playedd by the a (b) directions can be changed by applying a field larger than about 3 T 

alongg the b (a) directions. 

Onee can summarize the results described above as follows: Before magnetizing the crystal, 

bothh in-plane <100> directions are equivalent. But after magnetizing the crystal in a field 

largerr than SCr[iooj along one of these directions, this direction has become a magnetic easy 

axis.. This suggests that the field-induced transition not only breaks the antiferromagnetism 

off  the R- and Fe sublattices, but simultaneously breaks the symmetry of the crystal lattice. 

Magnetostrictionn measurements to be discussed below show that this is the case, indeed. 

6.3.2.26.3.2.2 High-field measurements on a free-powder sample 

AA part of the crystal was crushed into fine powder for the high-field measurements. The 

magneticc isotherms at 4.2 K were measured with increasing as well as with decreasing 

fieldd and are shown in fig. 6.10. Based on the results displayed in fig 6.6, we can attribute 

thee strong increase of the magnetization observed when the field is increased to above 5 T 

too the field-induced transition from the antiferromagnetic state to the ferrimagnetic state. 
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Figuree 6.10. Field dependence of the magnetic moment at 4.2 K measured on fine powder 

particless of TbFe44Al 76 able to orient themselves freely in the applied magnetic field. 

Abovee the transition, the ferrimagnetic particles have a magnetization M = M-n - Afpc 

orientedd parallel to the applied field direction, meaning that the Fe-sublattice magnetization is 

oppositee to the applied field. The critical field Bc = «TbFelM-rt, - MFel at which the powder 

particless reorient themselves in the bending process is reached above about 30 T and 

followedd by the bending process. From the slope of the isotherm above 30 T. using the 

relationn M = B/\n-n,Fe\, we derive the molecular-field coefficient n-rbFe = - 6-45 Tf.u./uB. 

Itt is also worth to mention the modest slope of the isotherm in the intermediate-field-

strengthh region between about 10 and 30 T in fig. 6.10. A possible reason for this 

phenomenonn could be a decrease of the individual Fe-moments, or an increase of the 

individuall  Tb-moments with increasing applied field. Another mechanism may be the 

existencee of a fan-like magnetic structure of the Tb sublattice in the ferrimagnetic state. In 

thiss case, the increase of the applied magnetic fields wil l force the Tb moments in the 

externall  field direction, leading to the increase of the total magnetization M. 

6.3.36.3.3 Magnetostriction 

Thee magnetostriction was measured with applied fields along the a [100] direction. The top 

panell  of fig. 6.11 shows the relative length change Mil  of the single crystal measured along 

thee a direction, and the bottom panel shows the results along the b [010] direction. The 
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bottomm part of fig. 6.11 is almost a mirror image of the top part. This means that the 

relationn e^ = - fbb holds during the whole magnetization process. Notice that other 

deformationn modes (such as e.g. £ ĉ, in the present case equal to the induced volume 

magnetostrictionn by virtue of the experimental result eda + £bb = 0) cannot be determined in 

thiss set-up. The field-induced transition leads to a pronounced increase in length, up to 

£aaa * 3>b = 700 ppm, of the same order of magnitude as found in some (Tb,Fe) compounds, 

althoughh still not quite reaching the values found in e.g. terfenol, a giant-magnetostrictive 

materiall  based on the compound TbFe2. Comparing with the loop behavior shown in fig. 

6.6,, one sees that the hysteresis loop in the magnetostriction measurement is considerably 

broaderr than that in the magnetization measurements. Evidently, the magnetization 

processess in these two measurements are different. Experimentally, in the magnetization 

measurementt configuration, it is well possible to orient the single crystal precisely, and to 

checkk this by X-ray Laue pictures. In the magnetostriction cell, however, it is difficult to 

ascertainn the orientation better than within about 0.1 rad. It is remarkable that such a tiny 

misorientationn would have such a big influence. We return to this problem below. 

Nevertheless,, it is apparent that the increase in length is lost during the magnetization 

reversal,, but is fully recovered after completion of this process. The results show that the 

latticee is transformed from tetragonal to orthorhombic, and that the deformation is 

irreversiblee after a threshold (or transition) is passed. The elongated direction becomes 

thee in-plane easy direction. The c direction, of course, remains the 'hard1 direction. 

Inn principle, magnetostriction data, as shown in fig. 6.11, offer an excellent opportunity to 

obtainn detailed information on the magnetization reversal mechanism. Bearing in mind the 

differencess in experimental accuracy mentioned above, we will now compare the 

magnetizationn loop obtained for the field in the [100] direction (solid line in fig. 6.6) and 

thee magnetostriction loop shown in fig. 6.1 la, i.e. £aa - ebb (see above), presumably to be 

correlatedd with the average over all domains <Ma
2 - Mb'>. Initially, the 'virgin' 

magnetostrictionn curve may well show this quadratic dependence on the magnetization. 

Thee fact that the "jump" does not show up in the magnetostriction and that saturation is 

reachedd at about 7 T can presumably be ascribed to the misorientation. Magnetization 

reversall  sets in for negative fields of about 2 T. Fig. 6.11 shows that this is accompanied 

byy a steadily growing decrease in Al. Since magnetic domains of the type [100|] (M along 

thee positive a axis) and their reversed counterparts [100J.] (M along the negative a axis) 

havee both the same positive Al value (see the extreme right and left parts of fig. 6.1 la) this 
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meanss that - at least for the misoriented magnetostriction sample - magnetization reversal 

doess not proceed by means of [100j] domains growing at the expense of [100f] domains. 

Thee steadily growing decrease in Al therefore requires the presence of an increasing 

volumee of è-domain. i.e. domains of the type [010—»] and/or [010<— ]. at the expense of 

ff  lOOf] domains. The contribution of the è-domains to the magnetization measured along a 

iss small, but not negligible, as can be read off from the inset in fig. 6.6. Since the 

magnetostrictionn presumably is proportional to (M-rb.tioo] - Mn,,[oio] ), the contribution of the 
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Figuree 6.11. Field dependence of the magnetostriction at 5K measured (a) in the [100] direction 

andd (b) in the [010] direction on a single crystal of the approximate formula composition 

TbFe44Al766 with the field applied along the [100] direction. 

£>-domainss is almost opposite to that of the a-domains. In fact, the point where Al passes 

throughh zero in fig. 6.1 la can be characterized as consisting of almost equal amounts of a-

andd è-domains. When Al becomes negative, the £>-domain volume does exceed the a-

domainss in this situation. Without further modeling, it is hard to say whether reversal to 

[100].]]  domains has already taken place. Nevertheless, when the magnetostriction goes on 
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too become more positive again, these [lOOj] domains must be formed, in competition with 

thee ^-domains. From the inset of fig. 6.6 it can be derived that the fields required for this 

processs are larger than 3 T, in agreement with the magnetostriction data. 

Finally,, we wish to discuss briefly a possible origin of the magnetoelastic phenomena 

observedd in the present investigation. It is well known that magnetically ordered rare earth 

compoundss can give rise to strong magnetoelastic phenomena. A well-known example is 

terfenol,, a giant-magnetostrictive material based on the compound TbFe2- As discussed in 

muchh detail by Morin and Schmitt [18], a substantial part of the magnetostriction in rare 

earth-basedd materials is due to the direct coupling between the deformation of the lattice 

andd the aspherical 4f-charge cloud. This can conveniently be described by a single-ion 

magnetoelasticc Hamiltonian which can be considered as the strain derivative of the crystal-

fieldd hamiltonian for the present symmetry. The main term in the latter hamiltonian takes 

thee form [ 15] 

WWxx = - V3.BV022, 

wheree Bx is the magnetoelastic coefficient and where the appropriate strain component in 

thee basal plane can be expressed as a?' = Vi^l^e^ - £bb)- The temperature dependence of 

thee magnetoelastic effects is determined by the thermal average <Oi~> of the Stevens 

operatorr [18]. It can be shown that <Oi> falls off with temperature as m-rb\ where m-m is 

thee reduced terbium-sublattice moment MTb(T)/Mjb(0) [19]. We discussed above that the 

magneticc hardness, as embodied by the coercivity He, is intimately related to the 

occurrencee of the orthorhombic distortion. Unfortunately, no experimental data are 

availablee for MTO(T), but the presently determined large magnetoelastic effects and their 

expectedd strong temperature dependence offer a convenient explanation for the rapid 

decreasee of He with temperature reported in section 6.3.2.1 (fig. 6.8). 

6.44 Conclusions 

Inn summary, the complex magnetic behavior of the TbFe4.4Al7.6 single crystal has been 

investigatedd in a wide range of applied magnetic fields as well as of temperatures. The 

resultss show that the magnetic moments favor the basal plane. Along the <100> axis, in 

loww fields, the compound behaves as a spin-glass system while above 4 T, a field-induced 

transitionn from the antiferromagnetic state to a ferrimagnetic one occurs. This magnetic 
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transitionn is also associated with a structural transition from tetragonal to orthorhombic as 

revealedd by the magnetistriction measurements. The magnetic exchange coupling between 

thee Tb and Fe sublattice moments in the ferrimagnetic state has been derived from the 

high-fieldd measurements on the free powder sample. Several mechanisms for the 

magnetizationn and magnetostriction processes have been suggested. In the future, a more 

detailedd analysis wil l be carried out to justify these mechanisms based on the information 

obtainedd from the experimental data. Neutron-diffraction measurements on this single 

crystall  in magnetic fields are also planned, and wil l be helpful. 
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