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Electron-transport properties of R2Fe14B compounds
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The electrical resistivity ofR2Fe14B (R5lanthanide series! polycrystalline samples was measured over the
temperature range of 4–700 K. Even though the overall behavior of the resistivity inR2Fe14B is determined
mainly by Fe atoms, interesting features follow from the presence of rare-earth atoms. At low temperatures, the
resistivityr increases with temperature asT2. We find that scattering of electrons by modes involving all spins,
with a dispersion given by theR-Fe exchange interaction, contributes to this behavior. On the other hand, the
high-temperature anomaly inr observed just below the Curie temperature is quite likely produced by electron-
phonon scattering arising from a pronounced lattice softening in this temperature region. Saturation values of
the high-temperature magnetic resistivity are in agreement with de Gennes and Friedel’s prediction for spin-
disorder scattering.@S0163-1829~97!00605-X#
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I. INTRODUCTION

Rare-earth-transition-metal compounds of the ty
R2Fe14B (R5lanthanide series! have been the subject of in
tensive research during the last decade. These alloys are
portant for technological applications as permanent magn
Since the discovery of Nd2Fe14B,

1 numerous experimenta
results for the wholeR2Fe14B family have been reported
Structures have been characterized, their magnetization
coercive forces have been measured, crystal-field and an
ropy parameters have been determined, and magnetoe
measurements have been done.2–4 More recently, inelastic
neutron-scattering experiments have been performed in o
to improve our understanding of the magnetic properties
these materials.5

R2Fe14B ternary intermetallic compounds crystallize in
tetragonal structure. Their unit cell, with a total of 68 atom
is quite complicated. Rare-earth atoms have strongly lo
ized 4f electrons which may interact with transition-met
~Fe! 3d bands. Therefore, there is an interplay between
localized magnetism and the itinerant magnetism aris
from 3d iron atom electrons. This gives rise to a variety
interesting physical properties ofR2Fe14B. It is also a major
problem one has to deal with when discussing experime
results or performing theoretical calculations. Electro
band-structure calculations show that the Fed bands are
most important in the density of states although 4f narrow
bands are found not far from the Fermi level.6 R and Fe
sublattice moments couple ferromagnetically for light ra
earth elements and antiferromagnetically for heavy rare-e
elements. Consequently, the magnetization inR2Fe14B varies
with temperature as in ferromagnetic or ferrimagnetic ma
rials. The Curie temperature lies in the range 450-650
Some ofR2Fe14B compounds exhibit a change in magne
structure~spin reorientation! upon cooling down from the
Curie temperature. The magnetic coupling strength betw
R and Fe moments is about one-third of the coupl
strength between Fe ions. TheR2R magnetic interaction is
much weaker in these alloys.

Few studies have been reported on electron-trans
550163-1829/97/55~5!/3058~5!/$10.00
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properties ofR2Fe14B. One of them is a short report on th
resistivity anomaly observed at the spin-reorientation tran
tion temperature in Nd2Fe14B and Tm2Fe14B.

7 Two other
papers are devoted to an anomalous electron transpo
Nd2Fe14B and Y2Fe14B.

8 It has been found that the magnet
resistivity increases rapidly with increasing temperature
both alloys. A weak resistivity singularity has been observ
at the Curie temperature. The authors have associated
low-temperature anomaly with spin fluctuations, while t
high-temperature ‘‘hump’’ has been related to the strong
var effect in these compounds.

The electrical-transport properties are very sensitive
electronic structure as well as to the magnetic nature of
materials studied. In particular, it has been established
the magnetism of the inner 4f shell strongly affects the re
sistivity of rare-earth metals.9 The anomalous behavior of th
resistivity in rare-earth materials is mainly produced by t
s- f exchange interaction.10,11 This interaction is also impor-
tant in transport properties of intermetallic compounds w
nontransition metals.12 Intermetallic compounds with transi
tion metals are expected to show more complex beha
related to the itinerant magnetism of thed bands. We note
that the itinerant character of most of the 3d electrons is not
usually emphasized in the interpretation of magnetic b
properties, even though it can play a significant role in m
tallic compounds. Therefore, the electrical resitivity shou
give relevant information about the coupling of 3d electrons
to magnetic sublattices. Surprisingly, we find no systema
study of the resitivity behavior in theR2Fe14B series. Our
aim is to cast some light on the role that the nonlocalizedd
electrons play in electrical transport by finding correlatio
between the electrical resistivity and the magnetic mom
of lanthanide atoms in theR2Fe14B series.

In this paper we report resistivity measurements
R2Fe14B (R5Y, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, an
Tm! polycrystalline samples as a function of temperature
the range from 4 to 700 K. The results obtained enable u
determine the dominant electron-scattering processes an
rare-earth contribution to them in these materials. The
3058 © 1997 The American Physical Society
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55 3059ELECTRON-TRANSPORT PROPERTIES OFR2Fe14B . . .
perimental procedure is described in Sec. II. Results of re
tivity measurements are reported and discussed in Sec
The dependence of the magnetic resistivity on the spin
R ions enables us to estimate the role of the rare-earth
Conclusions are drawn in Sec. IV.

II. EXPERIMENT

The R2Fe14B compounds were synthesized in a hig
frequency induction furnace using the cold crucible meth
The ingots obtained were annealed for three weeks
1000 °C and checked by x-ray diffraction. The ac electri
resistivity measurements were performed with a six-pro
method on bar-shaped samples. The samples were spar
from the bulk polycrystalline material and had typical d
mensions of 132310 mm3. Before measurements, eac
sample was polished and checked for possible cracks.
used low-frequency~about 31 Hz! low excitation ('20 mA!
currents in our computer controlled setup for resistivity m
surements. Platinum pressure contacts were applied to
samples in the whole temperature range~4–700 K!. The rela-
tive error obtained for resistivity measurements is ab
0.01%; absolute values were determined to within 5%. T
temperature was determined to about 1 K at high tempera-
tures and to about 0.2 K at low temperatures using chrom
alumel and chromel-AuFe thermocouples, respectively.
Curie temperatureTC of the R2Fe14B samples was deter
mined from magnetization curves obtained in a Faraday
ance. The values ofTC agree with previously reported one
to within 2%.2

III. RESULTS AND DISCUSSION

Figure 1 shows how the resistivity ofR2Fe14B varies with
temperature in the range from 4 to 700 K, for all samp
studied. The overall behavior of the resistivity is alike
these compounds. At low temperatures, the resistivity m
sured tends to a small constant value.r is observed to in-
crease fast with temperature in the range from 50 K
T'0.5TC . This increment corresponds to 80% of the to
resistivity. For higher temperatures,r increases more slowly
All r(T) curves show a small dip near the Curie point. T
resistivity increases linearly with temperature thereafter.

First, we discuss the low-temperature behavior of the
sistivity. Applying Matthiessen’s rule, the total resistivi
can be written as

r5r01rph1rmag, ~1!

wherer0 is the temperature-independent residual resistiv
rph is the resistivity arising from electron-phonon scatterin
andrmag is the magnetic~spin! resistivity, respectively. We
could possibly include another term in Eq.~1! arising from
electron-electron scattering. As discussed below, this co
bution to the total resistivity is very small. The phonon co
tribution to resistivity, rph, can be calculated using th
Bloch-Grüneisen formula. We assume a value of 420 K
the Debye temperatureuD as values between 400 and 450
have been found foruD in variousR2Fe14B compounds.3 A
plot of rmag versusT is shown in Fig. 2 forT<45 K for all
alloys studied.rmag is proportional toT

2 in this temperature
range. The values of the constant termr0 , obtained from a
is-
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least-squares fit to the relationr2rph5r01AT2, vary be-
tween 5 and 30mV cm. We attribute this variation to differ-
ent sample preparations and, consequently, to sample de
dent impurity concentration and static lattice imperfection
The coefficient A takes value between 131029 and
231029V cm K22. Two mechanisms can cause the resist
ity of a ferromagnetic metal to vary asT2 at low tempera-
tures: scattering by charge fluctuations ofd electrons, and
scattering by spin fluctuations. In the former case, the co
ficientA is proportional to the square of the density the ofd
states at the Fermi level. Calculations of the band struct

FIG. 1. Resistivity data points versus temperature inR2Fe14B
alloys: ~a! R5 light rare earth ions,~b! R5heavy rare earth ions.
Only a small number of the data points are shown to improve c
ity.

FIG. 2. The total resistivity less the phonon and residual con
bution versusT in the temperature range 4 K<T<45 K. The solid
line shows aT2 dependence.
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3060 55JOLANTA STANKIEWICZ AND JUAN BARTOLOMÉ
for R2Fe14B give density ofd states at the Fermi level tha
varies little as the rare-earth component changes.6 Unfortu-
nately, we have not found any further data that would ena
us to estimate a value ofA for electron-electron scattering i
the materials studied. Such values have however been fo
for other ferromagnetic compounds.13 They are much smalle
than the values determined experimentally inR2Fe14B al-
loys. Furthermore, the values found forA vary systemati-
cally with the spin value of rare-earth ions as shown belo
This suggests that electron-electron scattering in our sam
contributes negligibly, and that contributions to theT2 coef-
ficient must therefore come from magnetic scattering.

We shall now briefly discuss the scattering of conduct
electrons by spin fluctuations in ferromagnetic metals a
applies to our intermetallic compounds. Moriya, using a s
consistent renormalization theory of spin fluctuations, h
found A}@M (0)#21 for weak itinerant ferromagnets.14

@M (0) is the spontaneous magnetization atT50 K.# How-
ever, the complex systems studied here are strong ferrom
nets with localized 4f moments and such a treatment may
not applicable. One can expect to find spin waves in th
materials with a quadratic dispersion relation in the lon
wavelength limit that gives rise to theT2 resistivity depen-
dence. Indeed, inelastic neutron-scattering experiments d
on someR2Fe14B alloys show several magnon modes.15 A
classical spin-wave model predicts three low-lying mod
two of which are dispersive. One is an acoustic mode invo
ing spins of both rare-earth and iron ions with a dispers
given roughly by theR-Fe exchange interaction and the oth
mode is strongly dispersive involving Fe spins with a sp
wave stiffness constant similar to that of Fe metal. The th
mode, which is nearly flat, comes from precession of theR
spins in the exchange field of neighboring Fe spins. Since
coefficientsA obtained vary with the rare-earth compone
in the R2Fe14B series, we consider theR-Fe mode more
closely. For the isotropic case and in the limit of long wav
length, we find~from linearized equations of motion! the
following relation for scattering of electrons by this mode9

rmag/T
2}JFeR

22 ~SFeSR!21~SFe6SRNR /NFe!, ~2!

whereSFe, NFe andSR , NR are the spin and the number o
iron and rare-earth ions, respectively;JFeR is the exchange
interaction constant between iron and rare-earth ions. H
the sign ‘‘1’’ corresponds to light rare-earth ions and ‘‘2’’
to heavy rare-earth ions, respectively. ForR2Fe14B com-
pounds,NR /NFe51/7, andSFe51.17.16 In Fig. 3 we plot
rmag/T

2 versus the expression on the right side of Eq.~2!.
We used the values ofJFeR determined from inelastic
neutron-scattering data.5 The experimental point forR5Ce is
not shown since there are no data available forJFeCe.
Clearly, the values found for the coefficientA follow relation
~2!. The value ofA for an alloy with a nonmagneticR com-
ponent, extrapolated from the linear dependence show
Fig. 3 is about 131029, in a good agreement with the ex
perimental value of 1.131029 obtained forY2Fe14B. The
scattering of electrons by Fe spin waves is expected to
most important in this case. It is important as well for oth
rare-earth ions since its amplitude is larger than one hal
the coefficientA. Therefore, the experimentally foundT2

variation of the magnetic resistivity at low temperatures c
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be attributed to scattering of conduction electrons by s
waves with the dispersions given by the Fe-R and Fe-Fe
exchange interactions. In the inset of Fig. 3, the values
A are shown as a function of the square root of the
Gennes factor,G@5(gR21)2JR(JR11)#. Here,gR and JR
are the rare-earthg-factor and total angular momentum, re
spectively. The data points divide into two classes depend
on the nature of theR-Fe coupling. The upper curve is fo
the ferrimagnetic~heavyR) alloys and the lower curve fo
the ferromagnetic~light R) materials. A two-branch smooth
variation with theAG is also observed for the Curie temper
ture ofR2Fe14B compounds.4

As the temperature increases, the rate of variation of
resistivity goes through a maximum atT'0.14Tc(702100
K!; after that it decreases and becomes negative clos
TC , where it shows a minimum. The temperature derivativ
of r, obtained numerically from the data shown in Fig. 1, a
exhibited in Fig. 4 for various samples studied. We note t
the temperatureTsf , where the maximum ofdr/dT is lo-
cated, scales with the Curie temperature inR2Fe14B alloys.

FIG. 3. The values of coefficientA ~from rmag5AT2) versus the
amplitude of electron scattering by Fe-R magnons inR2Fe14B al-
loys. The inset showsA versus the square root of the de Genn
factor. Solid lines areG21/2 fits for heavy rare-earth~upper line!
and light rare-earth~lower line! atoms, respectively.

FIG. 4. The temperature derivative of the electrical resitiv
versus temperature for variousR2Fe14B alloys. The inset shows
values of the reduced temperatureTsf /Tc for different rare-earth
components in theR2Fe14B series.~The maximum ofdr/dT occurs
at Tsf .)
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55 3061ELECTRON-TRANSPORT PROPERTIES OFR2Fe14B . . .
The values ofTsf /TC lie in the range 0.1320.14 for all
samples except forR5Ce for whichTsf /TC is a little bit
larger~0.16!, as shown in the inset of Fig. 4. The maximu
in dr/dTmay be related to spin-fluctuations.14 However, the
evidence for this is inconclusive thus far. In the Tm and
compounds an anomaly indr/dT is observed at the spin
reorientation temperature as had been reported earlier.7 We
do not find any resitivity anomaly at the spin-reorientati
transitions in the Nd and Ho compounds.

Finally, we discuss the high-temperature behavior of
resistivity in R2Fe14B compounds. In the paramagnetic r
gion (T.TC), the magnetic resistivity becomes consta
According to a model developed by de Gennes and Frie
and Kasuya,11,10 scattering from the completely disordere
spin system gives a resistivity contribution proportional
GJsf

2 whereG is the de Gennes factor andJs f is the inter-
action constant between conduction electrons and4f local-
ized spins. In Fig. 5 we show how the values ofrmag, ob-
tained by the extrapolation of the high-temperature lin
part of (r2r0) to T50 K, vary with the de Gennes facto
for the heavy earth ions inR2Fe14B alloys. Good agreemen
is found in this case. However, data points forrmag for light
rare-earth ions are much more scattered. As already m
tioned, the resistivity of all samples studied shows anom
nearTC . A small dip inr and the corresponding minimum
in dr/dT are observed just belowTC . This is shown in Fig.
6 for some ofR2Fe14B compounds measured. Theory pr
dicts a peak indr/dT just above the Curie temperature
spin fluctuations are taken into account at the criti
point,11,17,18which is opposite to the anomaly observed he
It has been suggested in a number of papers reporting a s
lar anomaly in intermetallic alloys that this effect arises fro
Invar-type coupling.19 At high temperatures (T.uD), ther-
mal expansion becomes appreciable and can alter theuD
value of the lattice, hence the amplitude of the lattice vib
tion and, consequently, resistivity. This introduces an ad
tional term into the usual expression forrph,

rph~T!5~C/B!~112gv!T, ~3!

whereC is constant,B is the bulk modulus,g is the Grü-
neisen’s constant, andv is the lattice expansion.R2Fe14B
alloys show the Invar-type anomaly in the lattice expans
close toTC .

20 Using data from Ref. 20, we can estimate t
variation ofdr/dT arising from this effect. We get a value o

FIG. 5. Saturation values of the magnetic resistivity versus
de Gennes factor for heavy rare-earth ions inR2Fe14B compounds.
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about 131028, which is five to ten times smaller than th
experimental one although of the right sign. However,
Invar-type alloys a volume increment belowTC produces
also a minimum in the bulk modulus. Consequently, a c
responding variation inr should be observed. Longitudina
and shear elastic moduli of Nd2Fe14B and Y2Fe14B have
been measured from 4.2 K up to above the Curie poin21

These data give an estimated relative change in the ave
bulk modulus of about 30% just belowTC . The observed
relative changes inrph are between 5% (R5Tm! and 25%
(R5Tb! which agree with the bulk modulus variation. W
neglect in this calculation spin-disorder effects on resistiv
Nevertheless, our results lead us to believe that the lat
softening nearTC may account for the observed high
temperature anomaly in the resistivity ofR2Fe14B alloys.

IV. CONCLUDING REMARKS

We have measured the resitivity as a function of tempe
ture in variousR2Fe14B compounds. The low-temperatur
behavior of the magnetic resitivity (rmag}T

2) can be attrib-
uted to scattering of electrons by magnons that involve i
atoms and both rare-earth and iron atoms. The contribu
of the rare earth sublattice is inversely proportional to
total angular momentum ofR and to the square of the ex
change interaction constant between Fe andR. In the
intermediate-temperature range, the electrons are scat
mainly by spin disorder. At high temperatures (T.Tc), the
magnetic resitivity saturates but the total resistivity increa
linearly with temperature due to phonon scattering. T
anomalous behavior ofr just belowTC may be produced by
strong lattice softening in this region. A different anoma
which has been observed at the spin-reorientation temp
ture in someR2Fe14B compounds is currently being studie
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e FIG. 6. The temperature derivative of the resistivity as a fu
tion of the reduced temperatureT/Tc in the vicinity of Tc for vari-
ousR2Fe14B samples.
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