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Electron-transport properties of R,Fe;,B compounds
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The electrical resistivity oR,Fe;,B (R=Ilanthanide seriggolycrystalline samples was measured over the
temperature range of 4—700 K. Even though the overall behavior of the resistiviyF| B is determined
mainly by Fe atoms, interesting features follow from the presence of rare-earth atoms. At low temperatures, the
resistivity p increases with temperature 8 We find that scattering of electrons by modes involving all spins,
with a dispersion given by thR-Fe exchange interaction, contributes to this behavior. On the other hand, the
high-temperature anomaly jobserved 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.S0163-182807)00605-X

|. INTRODUCTION properties ofR,Fe ,B. One of them is a short report on the
resistivity anomaly observed at the spin-reorientation transi-
Rare-earth-transition-metal compounds of the typ&jon temperature in Nde,B and TmFe,B.” Two other
R,FeB (R=lanthanide serigshave been the subject of in- papers are devoted to an anomalous electron transport in
tensive research duri_ng the Iast (_:iecade. These alloys are "Nrszele and Y,Fe,,B.2 It has been found that the magnetic
portant for technological applications as permanent magnetgegistivity increases rapidly with increasing temperature in

. . 1 .
Since the discovery of Né&e,,B,” numerous experimental |, 5j10ys. A weak resistivity singularity has been observed
results for the wholeR,Fe B family have been reported. (}\N
n

: X bt the Curie temperature. The authors have associated the
Structures have been characterized, their magnetization a _temperature anomaly with spin fluctuations, while the
coercive forces have been measured, crystal-field and anis ‘oh-temperature “hump” has been related to thé strong In-
ropy parameters have been determined, and magnetoelas\t/lé?r effectpin these comgounds 9
measurements have been déntMore recently, inelastic . o .
neutron-scattering experiments have been performed in ordeﬁ The electrical-transport properties are very sensitive 1o

to improve our understanding of the magnetic properties of €Ctronic structure as well as to the magnetic nature of the
these materials. materials studied. In particular, it has been established that

R,Fe,B ternary intermetallic compounds crystallize in a tr_]e.rr.]agnetism of the innerf4shell strongly affects_ the re-
tetragonal structure. Their unit cell, with a total of 68 atoms,Sistivity of rare-earth metafsThe anomalous behavior of the
is quite complicated. Rare-earth atoms have strongly localtesistivity in rare-earth materials is mainly produced by the
ized 4f electrons which may interact with transition-metal S-f exchange interactiol:** This interaction is also impor-
(Fe) 3d bands. Therefore, there is an interplay between théant in transport properties of intermetallic compounds with
localized magnetism and the itinerant magnetism arisingiontransition metal¥’ Intermetallic compounds with transi-
from 3d iron atom electrons. This gives rise to a variety of tion metals are expected to show more complex behavior
interesting physical properties 8,Fe;,B. It is also a major related to the itinerant magnetism of tdebands. We note
problem one has to deal with when discussing experimentdhat the itinerant character of most of thd 8lectrons is not
results or performing theoretical calculations. Electronicusually emphasized in the interpretation of magnetic bulk
band-structure calculations show that the dFebands are properties, even though it can play a significant role in me-
most important in the density of states althoughrlrrow  tallic compounds. Therefore, the electrical resitivity should
bands are found not far from the Fermi lefeR and Fe give relevant information about the coupling od 8lectrons
sublattice moments couple ferromagnetically for light rare-to magnetic sublattices. Surprisingly, we find no systematic
earth elements and antiferromagnetically for heavy rare-eartstudy of the resitivity behavior in th&,Fe ,B series. Our
elements. Consequently, the magnetizatioRjRe ,B varies  aim is to cast some light on the role that the nonlocalizéd 3
with temperature as in ferromagnetic or ferrimagnetic mateelectrons play in electrical transport by finding correlations
rials. The Curie temperature lies in the range 450-650 Kbetween the electrical resistivity and the magnetic moment
Some ofR,Fe B compounds exhibit a change in magnetic of lanthanide atoms in thR,Fe; ;B series.
structure (spin reorientation upon cooling down from the In this paper we report resistivity measurements in
Curie temperature. The magnetic coupling strength betweeR,Fe B (R=Y, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, and
R and Fe moments is about one-third of the couplingTm) polycrystalline samples as a function of temperature in
strength between Fe ions. TRe- R magnetic interaction is the range from 4 to 700 K. The results obtained enable us to
much weaker in these alloys. determine the dominant electron-scattering processes and the

Few studies have been reported on electron-transporare-earth contribution to them in these materials. The ex-
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perimental procedure is described in Sec. Il. Results of resis- 200
tivity measurements are reported and discussed in Sec. lll. @ QEM R
The dependence of the magnetic resistivity on the spin of - e
R ions enables us to estimate the role of the rare-earth ion. Bor +++;j§;% :
Conclusions are drawn in Sec. IV. 9
+ oov@ivy
W0F T e
Il. EXPERIMENT - fﬁM
L +++A‘5vg° + Y
The R,Fe, B compounds were synthesized in a high- & sof & e
frequency induction furnace using the cold crucible method. g ﬁg s Nd
The ingots obtained were annealed for three weeks at > N . Ll L0 Sm
1000 °C and checked by x-ray diffraction. The ac electrical &
resistivity measurements were performed with a six-probe E 200
method on bar-shaped samples. The samples were spark cut 2 !
from the bulk polycrystalline material and had typical di- & (b)
mensions of X2x10 mm?®. Before measurements, each 150 F Lo °° :Agﬂ
sample was polished and checked for possible cracks. We L
used low-frequencyabout 31 Hz low excitation (=20 mA) L NPT L iy
currents in our computer controlled setup for resistivity mea- 100 - ot Dnnnuqéwu coopono®
surements. Platinum pressure contacts were applied to the o > o
samples in the whole temperature raige700 K). The rela- s Dy
tive error obtained for resistivity measurements is about : gr"
0.01%; absolute values were determined to within 5%. The s Tm
temperature was determined to abduK at high tempera- L —
0 100 200 300 400 500 600 700 800

tures and to about 0.2 K at low temperatures using chromel-
alumel and chromel-AuFe thermocouples, respectively. The
Curie temperaturdl of the R,Fe;,B samples was deter- . . .
mined from magnetization curves obtained in a Faraday bal- FIG. 1. Resistivity data points versus temperaturdRji-e, 8

ance. The values of.. aaree with previously reported ones alloys: (a) R=light rare earth ions(b) R=heavy rare earth ions.
fo Wi'éhin 2042 cag P y rep Only a small number of the data points are shown to improve clar-
0: ;

ity.

T (K)

. RESULTS AND DISCUSSION least-squares fit to the relatign- p,,=po+AT?, vary be-

tween 5 and 32 cm. We attribute this variation to differ-

Figure 1 shows how the resistivity &,Fe 4B varies with .
temperature in the range from 4 to 700 K, for all samplesem sample preparations and, consequently, to sample depen-

studied. The overall behavior of the resistivity is alike in dent impurity concentration and static lattice imperfections.

. —9
these compounds. At low temperatures, the resistivity meaThe coefficient A takes value between X410 ° and

9 22 - -
sured tends to a small constant valpeis observed to in- 210 "{ cm K. Two mechanisms can cause the resistiv-

crease fast with temperature in the range from 50 K td%¥ Of @ ferromagnetic metal to vary &’ at low tempera-

T~0.5T.. This increment corresponds to 80% of the totaltures: scattering by charge fluctuations ibfelectrons, and

resistivity. For higher temperaturgsjncreases more slowly. ;catterin_g by spin_ﬂuctuations. In the former case, the coef-
All p(T) curves show a small dip near the Curie point. TheficientA is proportlc_)nal to the square of the density thedof
resistivity increases linearly with temperature thereafter. states at the Fermi level. Calculations of the band structure

First, we discuss the low-temperature behavior of the re-

sistivity. Applying Matthiessen’s rule, the total resistivity - ﬁ
can be written as - .
- < ._‘:A-' 3
pP=pot ppht Pmag: () ~ 1L 3
wherep, is the temperature-independent residual resistivity, é : Ce
ppn IS the resistivity arising from electron-phonon scattering, © r a
and pmaq is 'the magnetic(spin) resistivi_ty, respe_ct_ively. We % L : gg
could possibly include another term in Ed) arising from w | s Sﬂi““’@ﬁ)@@ o Tb
electron-electron scattering. As discussed below, this contri- o L S Y% . gﬁ
bution to the total resistivity is very small. The phonon con- 0.1 ot B v x Fr
tribution to resistivity, p,,, can be calculated using the o % . . v Tm
Bloch-Grineisen formula. We assume a value of 420 K for 7 8 910 20 30 40
the Debye temperaturg, as values between 400 and 450 K T (K)

have been found foéy in variousR,Fe ;B compounds. A

plot of pyag versusT is shown in Fig. 2 folT<45 K for all FIG. 2. The total resistivity less the phonon and residual contri-
alloys studiedp,gis proportional toT2 in this temperature  bution versusT in the temperature range 4<KT<45 K. The solid
range. The values of the constant tepg, obtained from a line shows ar? dependence.
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for R,Fe B give density ofd states at the Fermi level that
varies little as the rare-earth component charigesfortu-
nately, we have not found any further data that would enable
us to estimate a value @f for electron-electron scattering in
the materials studied. Such values have however been found
for other ferromagnetic compoundsThey are much smaller
than the values determined experimentallyRpFe ,B al-
loys. Furthermore, the values found fér vary systemati-
cally with the spin value of rare-earth ions as shown below.
This suggests that electron-electron scattering in our samples TE P
contributes negligibly, and that contributions to ficoef- T T T
ficient must therefore come from magnetic scattering. (S S N/N S J20)

We shall now briefly discuss the scattering of conduction
electrons by spin fluctuations in ferromagnetic metals as it

. ! : ) ) FIG. 3. The values of coefficierit (from p,=AT?) versus the
applies to our intermetallic compounds. Moriya, using a self-‘,ﬂmp“me of electron scattering by Remagnons inR,Fe, B al-

consistent renormalization theory of spin fluctuations, hagyys. The inset shows versus the square root of the de Gennes

found A“[M(O)]fl for weak itinerant ferromagnetS.  factor. Solid lines ares~ 2 fits for heavy rare-eartfiupper ling
[M(0) is the spontaneous magnetizationiTatO K.] How-  and light rare-eartiflower line) atoms, respectively.
ever, the complex systems studied here are strong ferromag-

nets with localized 4 moments and such a treatment may bege attributed to scattering of conduction electrons by spin
not licable. On n expect to fin in waves in th ! ) . )
ot applicable. One can expect o find sp aves eswaves with the dispersions given by the Reand Fe-Fe

materials with a quadratic dispersion relation in the long-exchan e interactions. In the inset of Fia. 3. the values of
wavelength limit that gives rise to tHE? resistivity depen- 9 | 9. 2
are shown as a function of the square root of the de

dence. Indeed, inelastic neutron-scattering experiments do@
on someR,Fe B alloys show several magnon modésA entr;]es factorGt[ zf(gFt*_ 1)221Rt(JtRI+ 1)] :—|ere,gR art'd‘]R
classical spin-wave model predicts three low-lying modes2'€ € rare-ear b-factor and total angular momentum, re-
two of which are dispersive. One is an acoustic mode involv-épeCt'Vely' The data points dlvu_je into two classes dependlng
ing spins of both rare-earth and iron ions with a dis;persionOn the naiure of th&k-Fe coupling. The upper curve is for

given roughly by theR-Fe exchange interaction and the otherme ;errimagneti[g(llw_eﬁ;/yRR) alltoy_s Ianit:: Ict))wer (r:]urve fc;;]
mode is strongly dispersive involving Fe spins with a spin- e ferromagneticlig ) materials. 0-branch smoo

wave stiffness constant similar to that of Fe metal. The third/ariation with theG is alszobserved for the Curie tempera-
mode, which is nearly flat, comes from precession ofghe (Ureé of R;Fe;8 compounds. L
spins in the exchange field of neighboring Fe spins. Since the AS the temperature increases, the rate of variation of the

coefficientsA obtained vary with the rare-earth component €SiStivity goes through a maximum &&= 0.147(70—100
in the R,Fe,B series, we consider thB-Fe mode more K); after that it decreases and becomes negative close to

closely. For the isotropic case and in the limit of long wave- 1 ¢ Where it shows a minimum. The temperature derivatives

length, we find(from linearized equations of motiprthe of P, tha|.ned.numer|cally from the data shqwn in Fig. 1, are

following relation for scattering of electrons by this mode: ©€xhibited in Fig. 4 for various samples studied. We note that
the temperaturd s, where the maximum oflp/dT is lo-

pmag/TzocJI;esz(SFesR)il(sFei SeNR/Neo), ) cated, scales with the Curie temperatureRite;,B alloys.

A (10" Qem KD

)

whereSg., Ng. and Sg, Ng are the spin and the number of 1.0

iron and rare-earth ions, respectivellg is the exchange |

interaction constant between iron and rare-earth ions. Here, 0.8

the sign “+” corresponds to light rare-earth ions and-" o~ L

to heavy rare-earth ions, respectively. HeyFe B com- M 06

pounds,Ng/Nge=1/7, andSe.=1.172% In Fig. 3 we plot §

pmag/T2 versus the expression on the right side of E). 011 0.4

We used the values ofl determined from inelastic e -

neutron-scattering dafalhe experimental point fdR=Ce is !; 023

not shown since there are no data available Jagce. = ,

Clearly, the values found for the coefficiefatfollow relation 0.0

(2). The value ofA for an alloy with a nonmagneti® com- 02 L | | . | L
ponent, extrapolated from the linear dependence shown in “0 100 200 300 400 500 600 700
Fig. 3 is about X 10°°, in a good agreement with the ex- T (K)

perimental value of 1X10 ° obtained forY,Fe;B. The

scattering of electrons by Fe spin waves is expected to be FiG, 4. The temperature derivative of the electrical resitivity
most important in this case. It is important as well for Other\/ersus temperature for variolR,Fe,B alloys. The inset shows
rare-earth ions since its amplitude is larger than one half ofalues of the reduced temperatuFg;/T, for different rare-earth
the coefficientA. Therefore, the experimentally fourit? components in th&,Fe,,B series(The maximum ofdp/d T occurs
variation of the magnetic resistivity at low temperatures carat T;.)
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FIG. 5. Saturation values of the magnetic resistivity versus the FIG. 6. The temperature derivative of the resistivity as a func-
de Gennes factor for heavy rare-earth ionRitfre; JB compounds.  tion of the reduced temperatuféT, in the vicinity of T, for vari-
ousR,Fe B samples.
The values ofT4/T¢ lie in the range 0.130.14 for all
samples except foR=Ce for whichTs/Tc is a little bit  apout 1x 1078, which is five to ten times smaller than the
larger (0.16), as shown in the inset of Fig. 4. The maximum experimental one although of the right sign. However, in
in dp/d T may be related to spin-fluctuatiofsHowever, the Invar-type alloys a volume increment beloWie produces
evidence for this is inconclusive thus far. In the Tm and Erg|so 3 minimum in the bulk modulus. Consequently, a cor-
compounds an anomaly idp/dT is observed at the spin- responding variation ip should be observed. Longitudinal
reorientation temperature as had been reported eaiée. and shear elastic moduli of NBe,B and Y,Fe,B have
do not find any resitivity anomaly at the spin-reorientationpeen measured from 4.2 K up to above the Curie pdint.
transitions in the Nd and Ho compounds. These data give an estimated relative change in the average
Finally, we discuss the high-temperature behavior of the, ik modulus of about 30% just beloW.. The observed
resistivity in RoFe;8 compounds. In the paramagnetic re- rejative changes im,, are between 5%R=Tm) and 25%
gion (T>Tc), the magnetic resistivity becomes CO”SFa”t-LRsz) which agree with the bulk modulus variation. We
According t0151‘0m0d3| developed by de Gennes and Friedeheglect in this calculation spin-disorder effects on resistivity.
and Kasuyd;"'° scattering from the completely disordered Nevertheless, our results lead us to believe that the lattice
spin system gives a resistivity contribution proportional togpftening nearT. may account for the observed high-

GJsr whereG is the de Gennes factor ady is the inter-  temperature anomaly in the resistivity B§Fe;,B alloys.
action constant between conduction electrons 4htbcal-

ized spins. In Fig. 5 we show how the valuesgmf,,, 0ob-
tained by the extrapolation of the high-temperature linear

part of (p—po) to T=0 K, vary with the de Gennes factor  \ye have measured the resitivity as a function of tempera-
for the heavy earth ions iR,Fe,,B alloys. Good agreement tyre in variousR,Fe,,B compounds. The low-temperature

is found in this case. However, data points fQfaq for light  pehavior of the magnetic resitivitypf,,¢< T2) can be attrib-
rare-earth ions are much more scattered. As already meRyed to scattering of electrons by magnons that involve iron
tioned, the resistivity of all samples studied shows anomalytoms and both rare-earth and iron atoms. The contribution
nearTc. A small dip inp and the corresponding minimum of the rare earth sublattice is inversely proportional to the
in dp/dT are observed just beloWc . This is shown in Fig.  total angular momentum dR® and to the square of the ex-

6 for some ofR,Fe;,B compounds measured. Theory pre-change interaction constant between Fe dRdIn the
dicts a peak indp/dT just above the Curie temperature if intermediate-temperature range, the electrons are scattered
spin fluctuations are taken into account at the criticalmaimy by spin disorder. At high temperature>T,), the
point;"*"**which is opposite to the anomaly observed here magnetic resitivity saturates but the total resistivity increases
It has been suggested in a number of papers reporting a sininearly with temperature due to phonon scattering. The
lar anomaly in intermetallic alloys that this effect arises fromgnomalous behavior of just belowT . may be produced by
Invar-type couplind” At high temperaturesT(>6p), ther-  strong lattice softening in this region. A different anomaly
mal expansion becomes appreciable and can alterdghe \yhich has been observed at the spin-reorientation tempera-

value of the lattice, hence the amplitude of the lattice vibrayre in someR,Fe,,B compounds is currently being studied.
tion and, consequently, resistivity. This introduces an addi-

tional term into the usual expression fay,,

IV. CONCLUDING REMARKS
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