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LETTER TO THE EDITOR 

Anomalous behaviour of the electrical resistivity of 
Y,Fe,,B 

J B Sousat, M M Amadot, R P Pintot, M A Salgueirot, M E Bragat 
and K H J Buschow$ 
t Centfo de Fisica da Universidade do Porto-INK, IFIMUP-JNICT Praca Gomes 
Teixeira, 4000 Porlo, Portugal 
t Philips Research Laboratories, 56W JA Eindhoven, The Netherlands 

Received 15 March 1991 

Abstract. Accurate measurementsof the electrical resistivity (p) and i ls  temperature deriva- 
tive(dp/d~iintheferromagnetY,Fe,,Bhavebeenmadefrom4-750 K,andtheresultshave 
been compared with those previously obtained for Nd,Fe,,B. 

In both cases p( T) increases rapidly at low temperatures, approaching quasi-saturation 
well below thecurie point ( T J .  The weak resistivitysingularitynear Tcisanomalous.giving 
negatiuedp/dTvalues. Small humps also occur in p(T) just below T.. 

The critical analysis of these results indicates that the low-temperature anomaly is likely 
to be associated with spin-fluctuation effects, whereas the hump effects below T, are related 
to the giant Invar effect in these compounds. 

Recently we reported [l] the analogous behaviour of the electrical resistivity @) and 
its temperature derivative dp/dT in a ferromagnetic single crystal of Nd,Fe,,B, with 
measurements from 4-750 K (T, = 592 K). The resistivity exhibits a fairly large and 
rapid initial increase with temperature (up to T - 0.5 T J ,  followed by an approach to 
quasi-saturation at temperatures well below the Curie point. The ferroparamagnetic 
transition then only produces small anomalies in p and dp/dT. 

The results show that the magnetic scattering of the conduction electrons hardly 
changes with temperature above -0.5 T,. In contrast, the rapid initial increase of p at 
low temperatures leads to a sharp peak in dp/dT around 75 K (T/T, = 0.13). In a 
previous work [ 11 we suggested that such an anomalous initial increase of p could be due 
to the thermal disorder of the Nd magnetic moments and to the excitation of successive 
Nd3+ crystal-field levels up to saturation. A simple crystal-field formula could account 
for the low-temperature behaviour of p and dp/dT, without, however, explaining the 
high-temperature data. Suggestions were made regarding suitable experiments to clarify 
the situation. 

A relevant experiment has now been performed, with a detailed study of p ( T )  and 
dp/dTin the ferromagnet Y2Fet4B, from4750 K. The resultsobtained wereunexpected 
(in the light of our previous publication) and may lead to a different interpretation of 
the resistivity behaviour in R2FeI4B compounds. 

As shown in figure 1 the anomalous behaviour of the electrical resistivity previously 
observedinNd,Fe,,B [1]isalsopresentinY2Fe14B, withmuch thesamecharacteristics: 
a rapid initial increase of p with T, followed by quasisaturation well below T,. If we 
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Figure 1. Electrical resistivity in Nd,Fe,,B and Y:Fe,,B. Inset: magnetic resistivity versus 
reduced temperature TIT, in Nd.Fe,,B and Y,Fe,,B. 

extract the phonon contribution fromp(T) - po(see below) the saturation effect in the 
magnetic part of the resistivity (p,) becomes more evident, as shown in the inset to 
figure 1,  Since Y is non-magnetic, the effect cannot be due to 'rare earth crystal field 
effects' or to 'rare earth spin-disorder effects'. It should therefore be associated with 
the Fe magnetic moments, although for Nd,Fe$ we cannot exclude a superimposed 
contribution from the Nd crystal-field levels at low temperatures. 

Figure 2 shows the experimental derivative dp/dTas a function of temperature for 
Y,Fe,,B and Nd,Fe,,B where the great similaritiesof both cases are confirmed. 

The general temperature dependence of the electrical resistivity of NdzFet4B and 
Y,Fe,,B resembles the p(T)  behaviour observed in weak magnets dominated by spin 
fluctuations [2-4]. We should mention, in particular, the cases of CeFe, [SI and UAI,. 
UPt, [6], showinga rapid initial increase of p (A T z  dependence) followed by saturation 
at higher temperatures. In accordance with the spin-fluctuation theories [2-31 a peak is 
observed in the resistivity derivative at acharacteristic spin-fluctuation temperature Tsf. 

Although the available treatments of spin-fluctuations in weak magnets may not 
be applicable to the complex systems treated here, the strong (direct) 3d exchange 
interactions among the Fe atoms in the layered Fe regions favour the dominance of 
itinerant magnetism. Thus, large spin fluctuations could be thermally excited, leading 
to strong electron scattering at temperatures considerably below T,. 

We should mention the great simila;ity between the p ( T )  saturation behaviour in 
R2Fe14B and in binary compounds such as UFe, (Tc = 162 K) and UNiz (T,  = 24 K) [7]. 

An interesting feature of the Curie point anomaly in Nd,Fe,,B and Y2Fe,,B is the 
negative sign of dp,/dT (inset to figure 2), in contrast with the case of pure Fe where 
dp,/dT > 0. Such anomalous behaviour in R2Fe14B compounds is better displayed by 
the magnetic resistivity curves pm(T)  obtained by subtracting from p(T) the phonon 
resistivity pph(T). This was calculated with a Bloch-Griineisen formula, using a Debye 
temperature B = 414 K [8] and fitting dpph/dT to our experimental value of dp/dT at 
temperatures sufficiently above T,. 

It becomes clear that ferromagneticorder produces an increase in the resistivity, the 
effect resembling the characteristic humps usually observed in antiferromagnets below 
T, due to superzone gap effects [9]. However, both Nd,Fe,& and Y2Fe14B are true 
ferromagnets, with the thermal averaged magnetic moments (jz,(Fe)}, (jzi(Nd)} always 
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Figure 2. Temperature derivateof the electrid resistivity dp/dTin Nd2Fe,,B andY,Fe,,B. 
Inset: temperature derivate of the magnetic resistivity dpJdT as a function of reduced 
temperature for Nd,Fe,,B and Y2Fe,4B. 

parallel and pointingin the same direction in all lattice sites (i, j ) .  Therefore, superzone 
gap effects do not occur. A qualitatively similar hump effect in the electrical resistivity 
below T, has been reported for Nd,,Fe,,B, [lo], but it is virtually absent in Nd5Fe6*B,, 

The anomalous resistivity humps below T, are probably due to the large Invar effect 
observed in these compounds [l l ,  121. As is well known, in Invar alloys the increase in 
volume below T, is associated with a large softening of the elastic constants 113, 141. In 
particular, the bulk modulus, B ,  goes through a deep minimum at a temperature T* 
below Tc, so that between T* and T, we have d5/dT> 0. 

As initially pointed out by Viard and Gavoille for the case of Fe3 Pt Invar alloys [15], 
these changes in 5 (in some cases up to -50% [13]) directly affect the scattering of the 
conduction electrons by phonons, through the usual expression for pph(T) at high 
temperatures ( T >  8): 

Here A is constant, B is the bulk modulus, g is a constant close to unity and w is the 
lattice expansion [15]. 

Analyses along the same lines have also been presented for the cases of La(Fe, Si)l3 
[16] and La (Fe, AI)l3 [I71 compounds. 

[lo]. 

pph(T) = (A/B)(1 - gw)T. 
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Since for R,Fe14B we have w Q 1 [12], one can write the approximation: 

pph(T) = constant(l/B)T. 
From this it follows that an increase ofp,, with decreasing T(hump effect) in fact occurs 
when 

(l/B)dB/dT > 1/T. 

This requires dB/dT > B/T > 0, a~condition which is satisfied in R2Fe,,B compounds 
when Tis close to T,. 

The relative change in pph can be directly expressed in terms of ABIB: 

~~ ~ 
~~ ~ ~ 

Pph(T) - P g ( T )  - - B(Tc)-B(T) 
P p h  ( Tc) B(Td 

where p$,)(T) is the extrapolation (below T,) of the linear paramagnetic phonon resis- 
tivity. 

From the maxima in the humps in the magnetic resistivity curves p,(T) we can 
get the approximate values AB/B(T,) 2 20% and AB/B(T,) 2 3% for Nd2Fe,,B and 
Y2Fe,,B respectively (we neglect, however, the spin-disorder thermal dependence in 
such estimates). 

We can now summarize the main results of our work. 

(i) Crystal field cffects [ l ]  cannot explain the observed results in Y2Fe14B. 
(ii) The anomalous behaviour of p and dp/dT in Nd2Fel,B and Y,Fe,,B is mainly 

associated with the presence of the Fe ions. 
(iii) The initial rapid growth of p(T) and the approach to saturation imply con- 

siderable short-range effects well below T,. A suggestion is advanced with regard to 
the possible role played by enhanced spin-fluctuations in these 3d dominated (Fe) 
ferromagnets. 

(iv) The small humps in p ( T )  below T, are probably associated with the huge Invar 
effect i n  R2Fe,,B compounds which affects the phonon resistivity near T,. 

Work is now in progress to investigate the specific role played by the different rare 
earth ions (R) in R,Fe,,B compounds. In particular one would expect differences in the 
magnitude of the resistivity humps, as also happens with the lnvar effect Ill, 121. 

The thermoelectric power (S) is also being investigated over the R2Fe14B series. 
Preliminary data for Nd2Fe ,,B show rather anomalous behaviour: with large S values at 
intermediate temperatures (IS1 > 10 pV K-' at T -  200 K) and a complex temperature 
dependence below about 100 K, the thermopower goes through a maximum, then a 
minimum, before approaching zero at low temperatures. Superzone-like gap effects are 
also observed in S just helow T,. 

One of us (JBS) would like to acknowledge Professor E Gratzof theTechnical University 
of Vienna for very fruitful and pleasant discussions on the resistivity spin-fluctuation 
effects in some binary magnetic compounds. 
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