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Chapterr 10 

HIGH-FIELDD DILATATIO N EXPERIMENTS ON U(PT0.9oPDo.io)3 

10.11 Introductio n 

Ass the Pd concentration in U(Pti_xPdx)3 is increased from x = 0.05 to x = 0.10, 
severall  effects occur at low temperatures. The observed long-range antiferromagnetic 
orderingg below T = 5.8 K in UfPto.gsPdo.oOg is no longer observable in the x = 0.10 
compound.. Considerably sized local moments start to be created but still a high 
effectivee mass is detected. But the most significant feature for this chapter is that, 
comparedd to UPt3 and U(Pt0.95Pdo.o5)3 where the thermal-expansion coefficient in the 
(a,, 6)-plane is positive and negative along the c-axis, for the U(Pto.9oPdo.io)3 com-
pound,, the thermal expansion along the c-axis is positive whereas in the (a, ö)-plane 
itt is negative. As far as thermal-expansion data along separate axes are concerned, 
thee increase of the Pd-concentration up to x = 10 has induced a sign reversal for the 
thermal-expansionn data along the different axes. No such sign-reversals are observed 
inn forced magnetostriction data. On the other hand, still a high effective mass is de-
tected.. So this state can still be named a heavy-fermion state but it must be different 
fromm the heavy-fermion behaviour detected in UPt3 and U{Pt0.95Pdo.05)3- These are 
thee phenomena which we like to study in this chapter. 

AA further increase of Pd doping (x > 0.10) introduces extra spectral lines in 
thee X-ray diffraction pattern. These spectral lines do not grow continuously in inten-
sityy with Pd doping. It is more like they are introduced discontinuously. One could 
interprett this as the x = 0.10 compound being in a meta-stable situation between two 
chemicall  phases. It is, therefore, hard to track the above-mentioned phenomena for 
evenn higher Pd concentrations. The question how high the Pd concentration has to 
bee to increased before the observed high effective masses transform into more metallic 
sizedd values, cannot be answered, since Pd concentrations are needed for which the 
crystallographicc isomorphy cannot be guaranteed. 

I tt has been suggested that Pd doping shares similar effects as the application 
off  a magnetic field. Considering, for instance, 5*, doping UPt3 with 10% Pd shifts 
B*B*  from 20 T to 0 T. Thus, instead of further Pd doping (x > 0.10), one could use 
ann applied magnetic field to evoke the same phenomena. 

Ass the difference in heavy-fermion behaviour in UPt3 and U(Pt0.9oPdo.io)3 

revealss itself the best in dilatation data, we will use dilatation experiments for the 
studyy of U(Pto.goPdo.io)3- High-field dilatation experiments (1.2 K < T < 12 K and 
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Figuree 1 Schematic depiction of re-entrant heavy-fermion behaviour. In the left-hand side of 
thee picture normal heavy-fermion behaviour is depicted. The Fermi energy is within the peak in 
thee density of states. At low temperatures, heavy quasi-particle excitations are observed. In the 
right-handd side of the picture a magnetic field shifts the peak in the density of states to lower 
energiess with respect to the chemical potential. B*, is the characteristic field needed to shift 
thee peak just below Fermi energy. For B > B*', at the lowest temperatures, e.g. 7\ , no heavy 
quasi-particlee excitations and no heavy-fermion behaviour are observed. In the picture at the 
right,, the temperature (T2) is sufficiently increased in order to excite the heavy quasi-particle 
excitations,, i.e. heavy-fermion behaviour is re-introduced. The degree such excitations are 
observedd is a balance between the temperature window opened, kr^T, and the temperature 
dependencee of the chemical potential /j, (T) 

00 T < B < 1 7K with B n a-axis) wil l be presented. 

Thee important phenomena related to heavy-fermion behaviour in UPt3 appear 

alll  to be related to the basal-plane layers (with some form of coupling along the c-axis). 

Forr U(Pt0.9oPdo.io)3 , however, the reverse seems to hold. The roles of the c-axis and 

thee (a, 6)-plane appear to be reversed. This reversal does not seem to grow gradually 

ass a function of Pd doping (as far as data are available in the literature). 

I tt looks like an alternative interpretation is needed. This approach is schema-
tizedd in Fig.1 

Wee wil l suggest the following. The major effect of a magnetic field on the 

peakk in the density of states is similar to Pd doping. They both shift this peak 
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t oo lower energies as compared to the chemical potential. In this sense x = 10 cor-
respondss to a field of B = 20 T (10% Pd shifts B*  from 20 T to 0 T). For such 
aa concentration of Pd-doping or such a field strength, the peak is shifted just be-
loww the chemical potential with the consequence that at the lowest temperatures no 
longerr any heavy-fermion behaviour is detected. But already at low temperatures, a 
temperaturee window k^T starts to be opened around the chemical potential. States 
withinn the energy-window k^T around the chemical potential wil l again be detected 
inn thermodynamic experiments. If such states would be heavy-fermion states (as for 
thee situation of a peak in the density of states just below the chemical potential) 
heavy-fermionn behaviour starts to be detected again. Initially , a temperature in-
creasee reintroduces heavy-fermion behaviour instead of destroying it. This is why 
wee refer to such alleged phenomena as "re-entrant heavy-fermion behaviour". As 
temperaturee is further increased, heavy-fermion behaviour starts to be suppressed by 
similarr mechanisms as for the situation where the chemical potential is within the 
energyy range of the peak in the density of states. 

Wee argued that the presence of heavy-fermion behaviour in a certain temperature-
fieldfield region should reveal itself by the presence of a valley in a plot of the length versus 
temperaturee and field in such temperature-field region. For "normal" heavy-fermion 
behaviour,, such a valley has its lowest point at 0 K. For re-entrant heavy-fermion be-
haviour,, however, this valley is shifted to higher temperatures. Whereas, starting from 
thee lowest temperatures, a temperature increase for normal heavy-fermion behaviour 
causess us to proceed out of the valley (resulting in a positive sign for the thermal-
expansionn coefficient), we conclude that for re-entrant heavy-fermion behaviour the 
oppositee occurs. Initially , we enter more and more into the valley (resulting in a neg-
ativee sign for the thermal-expansion coefficient) before leaving the valley. Still we 
assumee that the important phenomena for heavy-fermion behaviour predominantly 
occurr in the (a, 6)-plane. 

I nn this sense, one should compare the low-field thermal-expansion measure-
mentss on U(Pto.ooPdo.io)3 with the thermal-expansion measurements on UPt3 for 
fieldss larger than B* . In the first situation, the peak is shifted below the chemical 
potentiall  by Pd doping while in the second situation this is achieved by the magnetic 
field.. There are, however, some complicating factors. 

Firstly,, there are the experimental considerations. To collect thermal-expansion 
dataa at such low temperatures and high fields (B >B* ) on UPt3 is not straightforward 
withh the present equipment. In a previous chapter it is suggested that for a sufficient 
comparisonn temperatures at least below 1.2 K are needed in fields up to 24 T. 

Secondly,, unlike for featureless bandstructures, in case of a sharp feature in 
thee density of states, the temperature dependence of the chemical potential, \L (T), 
cannott be discarded. This temperature dependence of p, (T) is determined by the 
criteriumm that the total density of occupied states is fixed. If no conduction states 
aree present, the temperature shift of the chemical potential must be such that no 
heavy-fermionn states (within the peak in the density of states just below the chemical 
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potentiall  for T = 0 K) are depopulated as temperature increases from the lowest 
temperaturess onwards. Essential to the observation of re-entrant heavy-fermion be-
haviourr is, therefore, the presence of a non-zero density of conduction-electron states. 

Ass the density of the conduction-electron states is increased, the temperature 
dependencee of the chemical potential is decreased. As a result, more heavy-fermion 
statess are depopulated by a temperature increase and, as a consequence, the re-
entrantt heavy-fermion behaviour can better be observed. An illustrative, limiting, 
examplee is the hypothetical situation where the density of conduction-electron and 
heavy-fermionn states are identical and constant. In this case, the chemical potential 
hass no temperature dependence and the degree re-entrant heavy-fermion behaviour 
iss observed scales with the ratio of kB T over the initial energy difference between the 
chemicall  potential and the peak in the density of the heavy-fermion states. 

Wee expect that Pd doping wil l increase the density of conduction-electron (non 
heavy-fermion)) states. In short, the argument goes as follows. In the U(Pto.9oPd0.io)3 

sample,, Pd is replacing Pt homogeneously on a scale of several unit cells. But the Pd 
concentrationn is so low that the average concentration of Pd atoms per unit cell is less 
thann one (w 0.3). Unit cells exist which contain a Pd atom while others do not. As a 
result,, we expect the meta-magnetic transition to be broadened. For U(Pto.9öPdo.o5)3, 
wheree a similar argument must hold, we indeed detected a broadening of the meta-
magneticc transition. In terms of bandstructures, an effect of Pd doping is that the 
upperr edge of the heavy-fermion peak is less sharply defined and smeared out in terms 
off  energy. As argued, the heavy-fermion states with energy levels in the upper part of 
thee heavy-fermion peak in the density of states have a reduced strain dependence as 
comparedd to the remainder of heavy-fermion states. They contribute to the observed 
apparentt effective mass but as far as dilatation experiments are concerned they have 
aa similar effect (on e.g. re-entrant heavy-fermion behaviour) as if a large density of 
conductionn states (non heavy-fermion states) would have been added. 

We,, therefore, expect, as the Pd concentration increases, the phenomena, 
whichh we referred to as "re-entrant heavy-fermion behaviour", to be more clearly 
present.. If we compare, for example, thermal expansion data of U(Pt0.95Pdo.05)3 for 
BB > 12 T (B* » 12 T for U(Pt0.95Pdo.o5)3) with thermal expansion data of UPt3 

itselff  for B > 20 T (B* « 20 T for UPt3) it seems that such trends can be recognized. 
Thee 14 T and 16 T curves for the thermal expansion data along the a- and 

6-axess on U(Pt0.95pdo.o5)3 are already consistent with this notion of re-entrant heavy-
fermionn behaviour. For T < 6 K, a sign reversal has occurred as compared to the 
thermal-expansionn curves along the a- and fe-axes at lower fields. In terms of our 
lengthh plot versus temperature and field it is at this temperature that the lowest 
pointt of the valley is reached. The curves have an extremum (minimum) for T < 5 
K.. Initially , as one starts to increase the temperature from the lowest temperature 
onwards,, the primal effect wil l be the opening of the temperature window kBT. But as 
temperaturee further increases, the temperature dependence of the chemical potential 
setss in compensating the effect of kB T on the creation of the re-entrant heavy-fermion 
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behaviour.. At this minimum, both effects balance each other. 

Att considering the thermal-expansion curves for UPt3 itself within the (a, b)-
plane,, only for the 24.5 T curve along the 6-axis a negative sign is detected below 
TT « 5 K . No extremum (minimum) is found for the thermal-expansion curves along 
thee a- and ft-axes for B > 20 T. We expect higher fields and/or lower temperatures 
too be needed to observe such a minimum. 

Al ll  is formulated within a single-particle description here. A more correct for-
mulationn would have been in terms of many-body excitations, in which case the energy 
levelss of the excitations depend also on the occupation densities of their fellow excita-
tions.. This will introduce an extra temperature dependence to such excitaitons. For 
alll  purposes, we will not consider such temperature effects. The experimental trends 
too be presented seem already in sufficient agreement with the theoretical consider-
ationss (to be presented) without considering these temperature effects. Associated 
withh the shift of the peak in the density of states to energies smaller than the Fermi 
energyy is the creation of local moments at the magnetic ions. As B exceeds 5* , the 
creationn of local moments starts affecting thermal expansion (including its field de-
pendence)) and magnetostriction. We, therefore, expect to observe in U(Pt0.9oPdo.io)3 
nott only features related to re-entrant heavy-fermion behaviour but also related to 
thee creation of local moments. 

Bruls,, [3], suggested a similar high-field behaviour but on the basis of a dif-
ferentt model. His, argument is basically that the heavy-fermion ground state is, in 
analogyy to the Kondo ground state, a singlet state. Excited states exist with a non-
zeroo total magnetic moment. For the sake of argument, say a triplet state. The 
presencee of a magnetic field will lif t the (magnetic) degeneracy, by means of the 
Zeemann splitting. In the case of the three-fold degenerate triplet state, the energy 
off  the state with no magnetic moment parallel to the field (m=0) is not affected 
byy the magnetic field while for states with either its full moment parallel (m=l) or 
anti-parallell  (m=-l) to the field their energy will have an increasing and decreasing 
fieldfield dependence, respectively. Being a singlet, the energy of the heavy-fermion state 
itselff  is not affected by the field. For field strengths exceeding some characteristic 
magneticc field, £*, the Zeeman splitting is sufficient for the m = -1 triplet state to 
havee a smaller energy as the original (singlet) heavy-fermion state. No longer the 
heavy-fermionn (singlet) but the triplet ro = -1 state is the ground state. For B > B*, 
heavy-fermionn behaviour is no longer observed at the lowest temperatures as only the 
mm — -1 state is occupied. The singlet heavy-fermion state still exists. A sufficient 
temperaturee increase, so that kBT exceeds the energy difference between the singlet 
heavy-fermionn state and the m = -1 triplet state, could cause the heavy-fermion sin-
glett state to be anew populated. Heavy-fermion behaviour is expected to reappear 
forr such temperature increases. 
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10.22 Our  major  concern 

Ourr major concern is fourfold. In the first place we want to catalogue the high-field 
dilatationn properties of the U(Pt0.9oPdo.io)3 compound as complete as possible. The 
alreadyy existing data ([1][2][6][5][4] ) have been extended so that a more complete 
comparisonn between the various U(Pti_a.PcU)g compounds can be made. 

Next,, we want to test how much of our re-entrant heavy-fermion behaviour 
interpretationn holds. We wil l do this in several ways. The features observed in the 
thermal-expansionn data are very broad. The shape of these features is, therefore, not 
off  much help. Instead, from model considerations we wil l deduce some scaling laws 
andd verify whether or not our thermal-expansion data satisfy these laws. 

Stilll  we have to explain the anomalous c-axis response, given that heavy-
fermionn behaviour is dominant within the hexagonal plane. 

Finally,, we wish to verify whether it is possible to detect any effect related to 
thee creation of local magnetic moments at the U-atoms. We wil l attempt to interprete 
thee observed volume magnetostriction in terms of the creation of such local moments 

10.33 T h e most sal ient properties of U(Pto.9oPdo.io)3 

U(Pt0.9oPdo.io)33 has some properties which sets it apart from U f P t i ^ P d ^ - c o m p o u n ds 
withh lower concentrations of Pd-doping {x < 0.10). 

 As mentioned for x < 0.10, the basal plane expands with increasing tempera-
tures,, while the hexagonal c-axis contracts. For x = 0.10, the signs are precisely 
reversed.. I t is the c-axis which expands while the (a, 6)-plane contracts as tem-
peraturee increases (see figs. 3, 5, 7 and 6 or reference [4]). 

 Also a change in sign for the low-temperature volume thermal expansion, av = 
(1/3)) (aa + ab + ac) is observed. While for x < 0.10 its sign is positive, for x 
==  0.10 its sign is negative. 

 No meta-magnetic transition is observed in U(Pt0.9oPdo.i0)3 (see [5]). Specific-
heatt data ([6, 7]), however, suggests that the heavy-electron masses are still 
present t 

 The zero-field low-temperature linear term of the specific heat, 7, for the x 
==  0.10 compound is comparable to the 7-value for UPt3 in a field of 20 T. 
200 T is the characteristic field for UPt3. Furthermore, the field dependence of 
77 for U(Pt0.9oPdo.io)3 is similar to the field dependence of 7 for UPt3 in fields 
exceedingg its characteristic field (20T). 

7u(Pt0..oPdo.io)aa (B) « 7upt3 (B + ^ 3 ) (10.1) 

(seee [4]). 
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Figuree 2 Oversimplified bandstructure of the peak in the density of states just below the 

chemicall potential. 7Zmaj and n^n stand for density of quasi-particle states with enhanced 

relativee strain dependent energy levels (heavy-fermion states) and conduction-electron (non 

heavy-fermion)states,, respectively. 

Thee latter two items suggest that the characteristic field, B*, for U(Pt0.9oPdo.io)3 

-Bu(Pto.9oPdo.io)33 w ° T- (10.2) ) 

10.44 Scaling laws for  re-entrant heavy-fermion behaviour 

Wee Start Wltn an overBimpinieu uaiiusuiui;i,uic ui a JJKUI in L.iic u c u o n; >->i a«u«uj 

justt below the chemical potential, see Fig. 2. We reduce the peak in the density 
off  states to a box-like feature; its width is given by AE. It are the states within 
thiss peak which have a (constant) significant strain dependence. Their (constant) 
densityy of states is represented by nmaj. This feature is superimposed on a constant 
densityy of conduction-electron (non heavy-fermion) states. Their density of states is 
representedd by ra^n. At the lowest temperatures, the chemical potential, \i (T = 0 K), 
exceedss this peak by an energy difference represented by A. For this oversimplified 
bandstructure,, we will determine the expected thermal expansion. In terms of energy, 
wee assume that the peak in the density of states has a width in the order of AE » 2 
meV.. This corresponds to a typical characteristic temperature of 15 K. The Fermi 
energy,, fi (T = 0 K), is assumed to exceed the upper edge of the peak in the density 
off  states by an energy difference A in the order of a few meV's. For the total density 
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AA = 2.5 meV 
5.602 2 

Figuree 3 Calculated chemical potential, / i (T) , and thermal expansion, a(T) , versus temper-
aturee for the model bandstructure in case of A=0.25 meV. a(T) is normalized with respect to 
thee low-temperature thermal expansion as is to be expected for model bandstructure in case 
thatt the initial Fermi level is within the peak in the density of states. "A" , " B " , "C" , and " D " 
denotee different temperatures regimes, see text. 

off  conduction electrons and for the chemical potential, typical values for metals are 
assumed;; 5-1028 m"3 and 5.6 eV, respectively. 

nm ajj and n  ̂ are chosen in such a way that, at T = 0 K, the total density 
off  occupied conduction states, A ^ (min), and that of heavy-quasi-particles states, 
iVtot(maj),, gie eqU ai This corresponds to an equal number of f and conduction 
statess per unit cell. At T = 0 K, the heavy quasi-particle peak in the density of 
statess is completely filled, i.e. 

nminfJ-iTnminfJ-iT = 0) a iA£. . 

" t o tt (mill ) 

Inn this schematic approach it is only A which has a field dependence, i.e. 

dA dA 

dB dB 
> 0 . . 

(10.3) ) 

(10.4) ) 

Wee further assume the relative strain dependence of energy levels for conduction 
statess to be negligible as compared to the heavy quasi-particle states found in the 
rectangularr peak in the density of states. I.e. for m* representing for both cases the 
apparentt effective mass, we have: 

dd In (m*) 

d l n (L ) ) 
ö ln(m*) ) 

conductionn states dinn (L) » 1 , , 
heavyy quasi—particle states 

(10.5) ) 
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Fermi-Diracc distribution 
function n 

:: Conduction electron 
likee states 

:: Heavy quasi-particle 
likee states 

:: Energy window kT 
openedd around u(T) 

Figuree 4 Schematic drawing of / i (T) and the Fermi-Dirac distribution function with respect 

too the oversimplified bandstructure for several characteristic temperatures A,B,C and D (see 

text). . 
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wheree L denotes a length scale. 
Thee temperature dependence of \i (T) is determined by the criterium that the 

totaltotal density of occupied states, ATtot, must be fixed: 

f f o r TT = 0 K nminfi(T = 0K) + nmaLiAE 
* **  1 for T > 0 K ƒ dE [n^ (E) + r w j (E)] F (E - /i (T) , T)Fg0'6> 

withh F(E-^T) , T)F.D. ̂  ^_X>} + 1. (10.7) 

F(EF(E — fi(T) , T ) F D represents the Fermi-Dirac distribution function and /? = (kB T) _1 

AA summation is interchanged by an integration. As a result of Eqn.10.6 we obtain: 

e ^ ii  = e ^ T ) ( e - ^ r ) + l ) 5 ( e - ^ T ) ) (10.8) 
*maj j 
*mi n n / ii  + e-«»(T=°)-A -a'B ) ' , — 

» WW " ( a + . -WTM»-4> j ' (10-9) 

Ass e~^< r ) < 1, ̂  (x) is approximated by a first-order Taylor expansion, it is straight-
forwardd to determine jit (T) as: 

/ / ( T ) = k B T l n n ' ^ = 00 K, _ ! , ^ ^ ^ ' ( e - ^ - e - ^ ) ) 
++ (10.10) ) 

/zz (T = 0 K) is fixed by the fact that we assume the total occupation density of non 
heavy-fermionn (conduction) and heavy-fermion states at T = 0 K to be equal. From 
Eqn.10.11: : 

li(Tli(T  = QK)=^AE. (10.11) 

Inn terms of the free energy, F, the volume thermal expansion, av is defined as: 

KK represents the hydrostatic compressibility. Employing a grand-canonical ensemble 
too express the free energy as a result of a calculation highly similar as presented in 
sectionn 5.3 we obtain for av : 

 / e - ^ ( T ) _|_ e-0(n(T=O K)-A - A£) \ 
111111 y e-fr(T) + e-MT=0 K)-A) J (10-13) 

(j^W**  " Pfë) e~MT) + ̂ {l*(T = 0K)~A-AE) e-^<r=° K)-A-AB) 

ee-P»(T)-P»(T) -f- e~0(j*(T=O K)-A-A£ ) 

e " M r )) + ES5* ^ ( T = ° K ) ~ A ) e-0W=a K)-A) 

e-0M(r)) + e-£(Kr=o K)-A ) 
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Inn this expression kEn^am̂  is identical to the low-temperature linear temperature 
coefficientt of the thermal expansion for fi (T = 0 K) within the heavy-fermion peak. 
I.e.. k B n ^ c^ corresponds to the low-temperature linear temperature coefficient 
forr B < B* or x < 0.10 (normal heavy-fermion behaviour). The situation at hand 
correspondss to B > B* or x > 0.10 

Fromm Eqn.10.13 in combination with eqns. 10.10 and 10.11 

OJVV ( k e n ^ a ĵ , AE , A (B) , T) 

cann be determined. Its result is nott necessarily transparent. To facilitate matters, we 
plott a^nn = av/ksn^jCWj and /i (T) as function of T for A = 0.25 meV, see Fig. 
3. . 

Itss trends can be understood in terms of a qualitative argument. Four different 
temperaturee regimes can be identified, denoted as " A"," B" , C" and " D" in Figs. 
33 and 4. 

Ass T < Tduu- = A/kB, no heavy-fermion states are included within the energy 
rangee kBT of fj, {T = 0 K). This is schematically depicted in A of Fig. 4. As a result, 
noo heavy-fermion states are (thermally) depopulated. In the case rij^  is constant, 
alsoo fi (T) is constant and a = 0 as T < 7 ^ . After T starts to exceed Tchar, heavy-
fermionn states in the peak of the density of states start to be in the range of keT" 
off  fi (T = 0 K) (B). Initially, the temperature window grows more rapidly than the 
temperaturee dependence of \i (T), hence, more and more heavy-fermion states start to 
bee depopulated. The consequence is that the sample shrinks in size. As temperature 
iss further increased, the temperature dependence of fi (T) will grow and less heavy-
fermionn states are depopulated per keivin (C). 

Ass temperature further increases, dfi (T)/dT will reach its maximum (p (T) 
wil ll  have a linear temperature dependence). The rates the temperature window is 
openedd and the chemical-potential is shifted are again in balance (D). A similar 
linearr temperature dependence for // (T) is obtained in case no conduction states are 
present,, keeping in mind that an extra offset of approximately T^  ̂ is present. The 
thermall  expansion saturates at a value önorm (Too) < 0. 
10.4.110.4.1 Extremum in thermal expansion; relation between its value and the tempera-

tureture at which it is observed 
Wee observed a minimum for « ^ (T) at T = T ^ . For this extremum, the rate 
byy which the heavy-fermion states are depopulated as function of temperature, is 
expectedd to be roughly zero. Let D (T) denote the total occupation density of heavy-
fermionn states, i.e. for our oversimplified bandstructure: 

DD (T) = n ^ / M T) (10.14) 
Ju(T=0Ju(T=0 KVA-A E ^ v * v + l 
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T(K) ) 

Figuree 5 Several calculated thermal expansion curves as expected for the model bandstructure 
withh A=0.35 meV, 0.45 meV, 0.95 meV and 1.20 meV. The minima of all the thermal expansion 
curvess with different data sets are connected by a straight line, expressing the existence of a 
linearr relation between the temperature at which the minimum is observed and its value 

Thee criterium determining Text reads: 

dD_ dD_ 

dT dT 

Straightforwardd calculations lead to: 

(10.15) ) 

£(Text) ) {E-pjT^)){E-pjT^)) dfijT) -ii  S = A I ( T =0 K)-A 

(10.16) ) 

Oncee Text is determined, an o rm (Text) is fixed by Eqn.10.13. 
Ann intimate relation between a^rm (Text) and T^t is expected. This relation is 

experimentallyy accessible with the use of magnetic fields. T^t as well as anorm (T) are 
bothh dependent on A. Considering bandstructures, i t is in particular the parameter 
AA which is expected to be field dependent. 

Ass we assume A to be sufficiently large so that for all temperatures considered 
onlyy the tale of the step-like feature in the Fermi-Dirac distribution function extends 
intoo the peak in the density of states, it can be shown that our oversimplified band-
structuree leads to a linear relation between Text and anorm (Text). In Fig. 5 several 
thermal-expansionn curves calculated for different values of A are plotted. The linear 
relationn is apparent. In terms of experiments this is achieved by using magnetic fields. 

I tt is clear that the precise relation between T^t and an o rm (Text) depends on 
thee bandstructure under consideration. 
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104.2104.2 Summary: Expected features of re-entrant heavy-fermion behaviour in thermal-

expansionexpansion data 

Thee precise shape of the thermal-expansion curves depends on the specific shape of 
thee bandstructure assumed. Still some general trends can be identified. 

•• The sign of the thermal expansion expected for re-entrant heavy-fermion be
haviourr is reversed as compared to that of normal heavy-fermion behaviour, 
wheree the Fermi energy is situated within the peak in the density of states. 

Inn terms of valleys in three-dimensional plots, the valley associated with normal 
heavy-fermionn behaviour has its minimum at 0 K, while for re-entrant heavy-
fermionn behaviour this is shifted to higher temperatures. 

•• The expected thermal-expansion curves display an extremum at a certain tem
perature,, T = Text (denoted as a ( T ^ ) in our model calculations). 

•• The principle shape of thermal-expansion curves should be conserved at chang
ingg the energy differences between the Fermi energy and the peak in the density 
off states. This energy difference is affected by a magnetic field. The expected 
effectt of a magnetic field is to shift the peak in the density of states to smaller 
energiess as compared to the Fermi energy. Plotting: 

" ( r - g )) — -I— (10.17) versus s « ( T « * ( B ) , B )) T^{BY 

ass obtained for different fixed field values, should reveal one universal, magnetic-
field-strength-independent,field-strength-independent, curve. Its shape is, in principle, expected to be only 
dependentt on the precise nature of the bandstructure involved. 

•• An functional relationship should exist between a ( T ^ (B) , B) and T ^ (B) 
ass obtained for different fixed magnetic-field strengths. In the case of our over
simplifiedd model bandstructure this is a simple linear relation; a ( Text (B) , B) 
== U Text (B) + L where U and L depend on the banstructure parameters used. 
Wee expect the existence of such a relation to be valid for any bandstructure 
consistingg of a narrow peak at energies just below the Fermi energy. 

•• The more conduction states are present, the better re-entrant heavy-fermion 
behaviourr is observed. This is believed to be the origin that re-entrant heavy-
fermionn behaviour in U(Pt0.9oPdo.io)3 is more pronounced than in UPt 3 . 

10.55 Thermal expansion data 

Thee thermal expansion, at = L^dLi/dT, along the three crystallographic direc
tion,, indicated by the subscript i = a, b or c, at different fixed field values is shown 
inn Fig. 6. The a» and a b curves are negative in sign and reveal a broad but still 
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""  ' 17T' ' ' ' 

44 6 
T(K) ) 

88 10 

Figuree 6 Thermal expansion data along the a-, b- and c-axis for fields up to 17 T in the 
temperaturee range 0 - 10 K. B || a-axis 
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Figuree 7 Plotting thermal expansion data of fig. 6 as at ( T , B)/ \at (Text (B)i , B)\ 

versuss T/T^t (B). In which i represents either a- , b- or c-axis and Te x t (B)i is the temperature 

att which an extremum (either a minimum for the a-, 6-axes or a maximum for the c-axis) is 

observedd for specific field B See fig. 6 for further explanation of symbols. 

pronouncedd minimum. The temperature at which this minimum occurs is associ
atedd with Text (-B)£. It is found to shift to higher temperatures while the size of its 
minimum,, at (Tex t (B) , B) decreases as field strength increases. 

Althoughh similarly shaped, the ac-curves are positive in sign. They reveal a 
broadd but still pronounced maximum at Text (B)c. Text (B)c is found to shift to higher 
temperaturess while ae(Teat(B)c,B) decreases for increasing magnetic field strength. 
Qualitatively,, a a , ab and ac are similarly shaped, except for their different signs. 

10.66 Analyz in g th e thermal expansion 

Accordingg to the third item on the list presented in section 10.4.2, the thermal-
expansionn data of Fig. 6 have been re-plotted as a{ (T , B)/\ai(Text(B)i , B)\ versus 
T/T^T/T  ̂ (B)i in Fig. 7. In the case of i = a- or 6-axis, T^t (B){ marks the position 
off the minima, while for i = c-axis it marks the position of the maxima. Along the 
c-axis,, Text is found at a slightly different value than along the a or 6-axes. The 
normalizedd thermal-expansion data measured along all three crystallographic axes 
(a,, b and c-axis) for different fixed field strengths form one universal curve. The sign 
differencee in Fig.7 between i = c-axis and i = a, 6-axes is cosmetic. 

Figg 8 represents a plot of \cti (Text (B){ , B)\ versus Text (B), as obtained at 
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Figuree 8 Plotting \at (T^t (B)i , B)\ versus T„x (B) as obtained from thermal expansion 
dataa of fig. 6 for different fixed field strengths for i = a- and &-axis. T^t (B)i denotes the 
temperaturee at which for field strength B a minimum is observed in thermal expansion data 
alongg axis i. \at ( 1 ^ , (B)i , B)\ denotes the absolute value of this minimum. A linear 
relationn is apparent. Lines represent linear fit (least squared method) i = a- and è-axis. Inset 
representss a to 0 K extrapolation of these fits to demonstrate that they intersect at 0 K. 
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Figuree 9 a&-ah and Qa+Qb plotted for several fixed field strengths as determined from data 

off fig. 6, to study deformation in the basal plane. Note the difference in scale between a^+ai, 

(1(T5)) and aa-ab (1CT6 ) 
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differentt fields strengths, for the a- and 6-axis. A linear relation fits the data nicely. 
Suchh a linear relation is expected for the oversimplified bandstnicture previously 
discussedd (see Fig. 2). It is to some degree a surprise that such a relation also 
agreess with the experimental situation at hand, corresponding to a expected much 
moree complicated bandstructure. Notice the slight difference between the a- and the 
6-axiss data. A possible explanation for this could be the field-induced creation of 
locall  magnetic moments. Such moments have an initial preference to order along 
thee three-fold degenerate 6-axes (up to some point where the external magnetic field 
appliedd along a certain a-axis starts to be the determining factor). This interpretation 
iss consistent with the observation that the linear fits (made by the least mean square 
method)) for the a- and 6-axis intersect each other for 7 ^ = 0 K, see inset of Fig. 8. 
^extt = 0 K corresponds to the situation of a peak in the density of states just below 
thee Fermi energy. In that case the local moment creation is not yet in its initial phase 
andd no local moments are expected to be found. 

Thee sign reversal of the thermal expansion observed in U(Pt0.9oPdo.10)3 as 
comparedd to the UPt3 compounds with a lower degree of Pd doping, is in agreement 
withh the first item as listed in section 10.4.2. For x < 0.10 in U(Pt1_xPd: r)3, we 
assumee the initial Fermi energy to be within the energy range of the peak in the 
densityy of states as B < B*. For these compounds and field ranges a positive thermal 
expansionn is observed along the a- and 6-axis (while along the c-axis, a negative 
thermall  expansion is observed). Regarding the aa and ah curves of U(Pto.95Pdo.o5)3 

inn fields exceeding B* *=« 12 T , these could be interpreted in a similar manner. They 
startt of negatively and for increasing temperatures they turn positive. It is as if one 
enterss the valley of the re-entrant heavy-fermion state and exits it again. 

I nn the preceding chapter we successfully interpreted the observed high-field 
dilatationn measurements on UPt3 and U(Pt0.95Pdo.o5)3 as a dilatation in the (a, 6)-
planee being related to the heavy-fermion behaviour, while for the dilatation along 
thee c-axis some extra mechanism must be involved. E.g. for UPt3 along the c-axis 
noo anomalies are observed at the characteristic temperature, T*, associated with the 
heavy-fermionn behaviour while for the a-, 6-axis clearly there is one. Furthermore, 
thee observed thermal expansion along the c-axis is magnetic field independent. Even 
att crossing 20 T, B* for UPt3, there is no effect on the thermal expansion along 
thee c-axis, unlike as is the case with the a, 6-axes. A similar conclusion must hold 
forr U(Pto.9oPdo.io)3, i-e. the dilatation in the (a, 6)-plane is related to heavy-fermion 
behaviourr while for the dilatation along the c-axis some extra mechanism comes into 
play. . 

Inn fig 9, we plotted both (aa-r-ab), a quantity proportional to the areal thermal 
expansionn of the (a,6)-plane, and (aa-ab) , a quantity containing information about 
thee deformation of the (a, 6)-plane versus temperature for several fixed field values. 
Noticee that the scale of (aa-r-ab) is enlarged by a factor of 10 compared to (aa-a:b). The 
qualitativee similarity between (aa-|-ab) and ac suggest that the c-axis response can 
bee interpreted as a thermal contraction of the (a, 6)-plane. We believe the observed 
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Figuree 10 Observed forced magnetostriction data along a- and 6-axis measured at several 
fixedd temperatures (ranging from 1.2 K to 10 K) and field along the a-axis 

featuress in (a^-a^) to be related to the alleged creation of local moments. An optimum 
iss observed for the (aa-ab) curves. As the field strength increases, this maximum 
increasess but is simultaneously shifted to higher temperatures. 

Comparingg the aa and ab data for several fixed fields it seems that there is a 
shiftt of approximately 4 T in the ab curves with respect to the aa curves. E.g. the 
abb curve measured at 12 T resembles the aa curve measured at 8 T the most. Also a 
minimumm field of 4 T is needed to cause ab data to differ from their 0 T result. This 
wee wil l also relate to the appearance of local moments. 

10.77 Th e forced magnetostr ic t ion data 

Thee observed features in the magnetostriction data, 1/Lt dL{/ dB along the a- and 
6-axiss seem reversed with respect to each other (see fig 10). Where a minimum is 
observedd along the a-axis, a maximum is observed along the 6-axis and vice versa. 
Alongg the a-axis, first a decrease to a shallow minimum at low fields occurs after 
whichh a steep increase up to some positive maximum value is observed for increasing 
fields.fields. Both, the position of the minimum and maximum shift to higher fields as 
temperaturee is increased. However, while the height of the maximum decreases, the 
depthh of the minimum increases for increasing temperatures. Along the 6-axis, first 
aa maximum at low fields is found after which a steep decreases to some negative 
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Figuree 11 Observed forced magnetostriction data along a- and 6-axis measured at the fixed 
temperatures:: 1.9 K, 2.1 K, 2.8 K, 5.7 K and 9.0 K (spanning the temeprature range from 
1.22 K to 10 K) and field along the a-axis. For clarity reasons the labelling of the 2.1 K curve is 
suppressed. . 

minimumm value is observed. The trends of the maximum and minimum along the 
&-axiss as function of temperature are identical to the trends of the shallow minimum 
andd maximum as observed along the a-axis. In this respect it seems again that the 
fr-axisfr-axis curves are shifted by approximately 4 T to higher fields with respect to the 
a-axiss curves. 

Alongg the c-axis, a different behaviour is observed, see Fig. 11. For increasing 
fields,, a steady increase of the magnetostriction along the c-axis is observed, until at 
somee characteristic field it levels off to a constant value. An increase in temperature 
wil ll  decrease the initial slope at low fields while the above-mentioned saturation field 
wil ll  shift to higher fields. 

10.88 Ana lyz in g th e magnetostr ict ion data 

Ass previously discussed, several different theoretical frameworks exist predicting that 
aa complete shift of the peak in the density of states (associated with heavy-fermion 
states)) to energies below the Fermi energy must be associated with the creation of 
locall  magnetic moments at the magnetic-ion sites, i.e. the U ions. We believe that 
thee observed anisotropy in the magnetostriction data and also some of the features 
observedd in the thermal-expansion data (see section 10.6) are related to the creation 
off  these moments. Like in UPt3, we assume the local moments on the U atoms to have 
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Figuree 12 (1/La) {SLJ6B) - 1/Lb) {SU/SB) and ( l / L . ) (ÓLJ6B) + 1/2*) {SLb/SB) 
forr temperatures from 0 K to 10 K Magnetostriction data as presented in 10 are used 
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Figuree 13 Volume magnetostriction, ( l / £ a ) {dLJ 

dB)dB) + 1/Lb) {81^/dB) + (1/LC) (dLc/8B), as determined from magnetostric-

tionn data of figs. 10 and 11 once plotted versus B and once plotted versus (B2 + Blf12 /T. 

BBaa denotes an introduced virtual field of approximately 4 T along the ft-axis to account for the 

presencee of a preferential orientation of the magnetic moments along the &-axis. Temperatures 

aree chosen to cover the range of 1.2 K to 10 K 
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ann initial preferential orientation along the &-axis. The 6-axis is d priori  three-fold 
degeneratee (as also the a-axis is). The external field is applied along one specific a-
axis.. For varying magnetic-field strength, not only the degree in which local moments 
aree created will vary but also the alignment of the moments will be a balancing act 
betweenn the influence of their initial preference to orient along any fc-axis and the 
orientationn enforced by the magnetic field. 

Inn figs. 12 and 13 we plot: 

ii  ay 
&.bb ldB 

VdB VdB 

(l/£a,b)(#<S'a)b)/é?5)) is proportional to the areal magnetostriction of the (a, 6)-plane. 
(l/L a)(öLa/öB)-(l/Lb)) reveals information about the deformation of this plane and 
(l/V)(dV/dB)(l/V)(dV/dB) represents the volume magnetostriction. 1/S*,b dS^/dB, 1/VdV/dB 
andd X/Lc dLc/dB have similar trends both in shape and temperature dependence. 
Thee features observed in 1/La dLJdB - \/IA> dl^fdB indicate a deformation of 
thee basal plane for varying field and fixed temperatures. We relate this to the field-
inducedd magnetic moments having initial preferential orientations. 

Wee will see whether the observed volume magnetostriction can be explained 
inn terms of local moments. Such an interpretation implies that the observed volume 
magnetostrictionn should be not so much dependent on J5tot but rather on i?tot/T, in 
whichh .Btot stands for the total field. 

AA virtual field, B^, along the 6-axis, is introduced to deal with the presence of 
aa preferential orientation for the magnetic moments. The applied field, B, is aligned 
alongg an a-axis, causing the expected total magnetic-field strength to be: 

BBMM = J&TBÏ  , %t = W + BÏ  (1Q20) 

Theree are three initial 6-axes for which magnetic moments have a preference to orient 
along.. In the above equations we basically assumed the only 6-axis to be considered to 
bee the one perpendicular to the a-axis along which the magnetic field is applied. This 
iss only true for sufficiently strong magnetic-field strength. For a certain field strength, 
B,B, this puts an upper limit to the temperature scale considered. Assuming the system 
off  magnetic moments as three dimensional this upper limit can be approximated as: 

^ k B rr < / % £ -• T < 0.45 K, (10.21) 
it it 

wheree f/,B represents the Bohr magneton. An extremely rough estimate for By, is 
44 T. As we compare the ctA with Ob curves at different field strengths, the best 
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agreementt is if we compare aa (B) with o*  (B + 4 T). Furthermore, a field exceeding 
approximatelyy 4 T is needed before the ah curves start to differ from their 0 T form. 
Wee realize that this a very crude treatment of such a delicate subject. 

Inn fig 13, we plotted (l/V)(dV/dB) versus B and (y/B2 + B*)/T - Bh/T. 
Thee extra term -Bh/T is introduced to ensure that all magnetostriction curves have 
thee same offset. Although Bh = 4 T is only a rough estimate for the T < 6 K region, 
thee (l/V)(dV/dB) curves obtained for different fixed temperatures seem to converge 
too one universal curve as they are plotted versus <JB2 + B\jT - Bh/T instead of 
versusversus B. Furthermore, the shape of this universal curve displays a similarity with 
aa Brillouin function. In solving the problem of the magnetostriction of localized mo-
mentss analytically, these are the functions by which they are best described. Notice, 
thatt we completely over-stepped the problem that the magnitudes of the created 
momentss is temperature and field dependent. This magnitude is dependent on the 
degreee of (de-)population of the peak in the density of states (its full moment being 
reachedd when the peak is completely occupied). In this light it is surprising how 
reasonablyy well this procedure works. 

Thee features observed in the thermal-expansion data are mostly explained in 
termss of changes of the apparent relative strain dependences of the effective masses, 
whilee the observed features in the magnetostriction data are mostly explained by just 
thee presence of magnetic moments. 

10.99 A three-dimensional plot 

Inn a further effort to study re-entrant heavy-fermion behaviour, we construct a plot 
off  the relative-length change versus temperature and field by means of a combination 
off  the previously presented thermal-expansion and magnetostriction data. The argu-
mentt and the procedure followed is similar to the one presented in section ?? (Fig. 
10)) for (normal) heavy-fermion behaviour in UPt3. In Fig. 14, the relative length 
changee along the a-axis, AL a/L a, for fields ranging from 0 T to 17 T and temper-
aturess between 1.2 K and 10 K is presented. Re-entrant heavy-fermion behaviour 
shouldd reveal itself as a valley in such a plot with this respect that it is shifted to 
higherr temperatures. While for normal heavy-fermion behaviour the lowest point of 
thiss valley is found at 0 K, for re-entrant heavy-fermion behaviour it is found at an 
elevatedd temperature. 

Bothh for the normal and re-entrant heavy-fermion case the occurrence of a val-
leyy is the result of the enhanced strain dependence of energy levels of states associated 
withh the heavy-fermion behaviour. 

Thee a-axis is chosen since it is the axis along which the magnetic field is 
applied. . 

Clearlyy visibly in Fig. 14 is the onset of a valley (see arrow) which is shifted to 
higherr temperatures with respect to the valley in Fig. 10 for UPt3. The valley in Fig. 
144 has all the hallmarks expected for re-entrant heavy-fermion behaviour. Another 
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Figuree 14 Relative length change in units of 10"3for the a-axis versus field, 0 T < B < 

166 T and temperature, 0 K < T < 12 K, constructed from a combination of magnetostriction 

andd thermal expansion data. The surface is drawn according to a spline function through 

dataa points and is extrapolated to T = 0 K. The arrow points to the boundary of the valley 

interpretedd as re-entrant heavy fermion behaviour. It is shifted to higher temperatures as 

comparedd to normal heavy-fermion behaviour in UPt3, see e.g. fig. 10. 
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indicationn of re-entrant heavy-fermion behaviour is that the onset temperature of this 
valleyy shifts to higher temperatures as magnetic-field strength increases (as the peak 
inn the density of states is shifted further to lower energies). This onset temperature 
iss dependent on the energy difference between the Fermi energy and the peak in the 
densityy of states, a parameter affected by magnetic field. 

Whilee here we are even able to observe the onset of the valley, in our attempts 
too study the valley for re-entrant heavy-fermion behaviour, in UPt3 we only observed 
featuress which possibly could be interpretable as the high-temperature tail of such a 
valley.. Apparently, only a few kelvin (T > 1.2 K) is already sufficient to destroy re-
entrantt heavy-fermion behaviour in UPt3 while for U(Pt0.90Pdo.io)3 for temperatures 
upp to 10 K still re-entrant features are observed. 

10.100 I n conclusion 

Wee introduced the concept of re-entrant heavy-fermion behaviour as a suggestion 
too describe the behaviour of heavy-fermion systems in fields exceeding the charac-
teristicc field of the (normal) heavy-fermion behaviour, B*. Re-entrant heavy-fermion 
behaviourr implies that for B > B* an increase in temperature from the lowest temper-
aturess onwards again induces heavy-fermion behaviour although B exceeds B*. Such 
temperaturee dependence is contrary to normal heavy-fermion behaviour observed for 
BB < B* were an increase in temperature generally destroys heavy-fermion behaviour. 
Concerningg the shift of the peak in the density of states with respect to the Fermi 
energy,, magnetic fields and Pd doping have a similar trend. E.g. considering B* , 
dopingg UPt3 with Pd shifts B* = 20 T (for x = 0) to B* = 0 T (for x = 0.10). 

Thee experimental differences reported in literature for l ^ P t ^ P d^ with x 
<<  0.10 Pd and x > 0.10 Pd turn out to be very well explicable in terms of normal 
versuss re-entrant heavy-fermion behaviour. 

Wee further argued that high-field dilatation experiments are an excellent tool 
too experimentally verify the existence and the features of re-entrant heavy-fermion 
behaviour.. As it is put forward, specific heat is not necessarily the best of choices for 
suchh a purpose. 

U(Pt0.9oPdo.io)33 is used to study the existence and properties of such re-entrant 
heavy-fermionn behaviour. Effects for which in UPt3 fields exceeding 20 T are needed 
cann be studied in U(Pt0.9oPdo.io)3 at much lower fields. The effect of Pd doping is 
nott only to shift the re-entrant heavy-fermion features to higher temperatures (for 
thee particular case of U(Pt0.9oPdo.io)3, T « 5 K) but it makes these features even 
moree pronounced. 

Inn section ??, an attempt is made to observe re-entrant heavy-fermion be-
haviourr in UPt3 itself. Aside from the fact that fields larger than 20 T are needed, 
aa cumbersome exercise, also all features expected turn out to exist at temperatures 
beloww 2 K which, in combination with the high magnetic field strengths, is a temper-
aturee region that is not easily accessible. Not more than the onset of such re-entrant 
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heavy-fermionn behaviour is observed in our experiments (T > 1.2 K). 
Thee existence of re-entrant heavy-fermion behaviour in U(Pto.9oPdo.io)3 is ver-

ifiedd in two distinct manners. A detailed study is made of its expected features 
inn thermal-expansion data and their magnetic-field dependence. Universal scaling 
ruless are formulated. It is verified that the thermal-expansion data obtained on 
U(Pto.9oPdo.io)33 display such features and its magnetic field dependence satisfies the 
above-mentionedd universal scaling relations. A three-dimensional plot of the relative 
lengthh change versus temperature and field is constructed from the experimentally 
obtainedd magnetostriction and thermal-expansion data. Clearly, a valley is observed 
withh all the distinct hallmarks of the re-entrant heavy-fermion behaviour. 

Simultaneouss to the effects we referred to as re-entrant heavy-fermion be-
haviour,, there are mechanisms at work responsible for the creation of local magnetic 
momentss at U atoms as B starts to exceed B* (« 0 T). The size of these local mo-
mentss is dependent on the external magnetic-field strength. Such magnetic moments 
aree assumed to have an initial preferential orientation along the &-axis. Their real 
orientationn is a balance between the effect of the magnetic field and the degree they 
havee a preference for a 6-axis. The latter was treated by introducing a virtual field 
B\>.B\>. Clearly such magnetic moments also affect the dilatation data. 

Inn preceding chapters we successfully interpreted the observed high-field dilata-
tionn measurements on UPt3 and U(Pto.95Pdao5)3 &&  t n e dilatation in the (a, 6)-plane 
beingg related to the heavy-fermion behaviour, while for the dilatation along the c-axis 
somee other mechanism is involved. E.g., for UPt3 along the c-axis no anomalies are 
observedd at the characteristic temperature, T*, associated with the heavy-fermion 
behaviourr while for the a,&-axis clearly there is. Furthermore, the observed ther-
mall  expansion along the c-axis is magnetic-field independent. Even crossing 20 T, 
UPta'ss characteristic field, has no effect on the thermal expansion along this axis. For 
U(Pt0.95Pdo.5o)3>> the observed strong deformations (associated with the formation of 
long-rangee antiferromagnetic ordering) of the (a, &)-plane correspond to the features 
observedd along the c-axis. For U(Pto.9oPdo.io)3> the dilatation in the (a, 6)-plane is 
relatedd to heavy-fermion behaviour while the dilatation along the c-axis some extra 
mechanismm must come into play. This is verified by plotting both the difference and 
summ of the thermal expansion data measured along the a- and 6-axis for several field 
values.. While the first combination contains information about the deformation of 
thee (a, 6)-plane as function of temperature and fixed fields, the second is identical to 
thee surface thermal-expansion of the (a,6)-plane. The thermal expansion measured 
alongg the c-axis could be well explained in terms of contractions and expansions of 
thee (a, 6)-plane as temperature varies for fixed field strength at constant volume. 

Fromm the comparison between the thermal expansion measured along the a-
andd 6-axis, a very rough estimate of By, Rrf 4 T is made. 

Thee features observed in the magnetostriction data were interpreted as the 
consequencee of the creation of local magnetic moments. An analysis of the magne-
tostrictionn along the c-axis in terms of a deformation or expansion (or contraction) of 
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thee (a, 6)-plane as function of field for fixed temperatures is not possible. We argued 
thatt observed volume magnetostriction could be explained in terms of local moments. 
Suchh an interpretation implies that the observed magnetostriction should not so much 
bee dependent on £t o t but on B^/T where B  ̂ stands for the total field. Although 
#bb = 4 T is a rough estimate, by plotting magnetostriction as obtained at different 
fixedd temperature versus y/B + B^jT-B^jT instead of B all curves seem to converge 
too a universal curve of a shape very similar to a Brillouin function. This leaves room 
forr an interpretation of the magnetostriction in terms of induced magnetic moments. 
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