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Magnetotransport properties through phase transitions inR2Fe14B „RÄY, Nd, Tm… compounds
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The electrical resistivity and Hall effect of Y2Fe14B single crystals have been measured over the temperature
range of 4–700 K in magnetic fields of up to 5 T. From these and previous results, which we obtained for
Nd2Fe14B and Tm2Fe14B single crystals, we draw some general conclusions aboutR2Fe14B alloys. The overall
behavior of the resistivity is determined mainly by Fe atoms; however, contributions from rare-earth atoms are
clearly observed at low temperatures. Large variations of the Hall resistivity are found near the spin reorien-
tation and Curie temperatures. They can be attributed to critical magnetization fluctuations which enhance
skew scattering in these regions. We calculate spin fluctuations making use of a phenomenological molecular-
field model for an anisotropic ferromagnet. Our calculations account quite well for the observed anomalies in
the spontaneous Hall coefficient. Away from the critical regions, side-jump scattering of charge carriers seems
to be responsible for the Hall effect.
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I. INTRODUCTION

Transport properties of magnetic materials have been
subject of rather intensive research, both experimental
theoretical, for the last few decades. They can reveal in
esting aspects, particularly when going through phase tra
tions. Recent developments in experimental techniques h
made good-quality single-crystal materials available and
abled precise determination of transport properties. The
terpretation of the experimental results thus obtained m
sometimes be controversial, but they can also open up
areas of research.

It is well established that electron transport properties
very sensitive to electronic structure as well as to the m
netic nature of materials. Spectacular effects can be
served, especially when a magnetic field is applied. The c
ductivity of rare-earth metals shows anomalous beha
because the magnetism of the inner 4f shell strongly affects
not only current carrier scattering but their band structure
well.1 The effect of thes- f exchange interaction on th
conductivity2,3 is also important in transport properties
intermetallic compounds with nontransition metals4 and of
magnetic alloys.5 In particular, it may lead to anisotropy i
magnetoresistance. Variations of the electrical resistiv
with temperature and magnetic field provide relevant inf
mation about how itinerant magnetic electrons are.6 On the
other hand, asymmetric current carrier scattering which
subject to spin-orbit interactions gives rise to
magnetization-dependent Hall effect.7 Its magnitude has
been shown to be proportional to the third moment of
deviation of the magnetization from its mean value.8,9 Con-
sequently, large variations of the anomalous Hall coeffici
can be expected near critical points. These should be q
different through first-order transitions where spin fluctu
tions remain within bounds. It is our aim to study the res
tivity and Hall effect in magnetic materials which show va
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ous magnetic phase transitions in order to elucidate the
that different scattering mechanisms play in them and to p
point the interplay between electronic and magnetic phen
ena. We choose to study intermetallic compounds of the t
R2Fe14B (R5Y, Nd, and Tm!, which are important for tech-
nological applications as permanent magnets. The latter
show two different magnetic phase transitions while t
former, which has a nonmagneticR element, provides a ref
erence for role that the 3d electrons play.

R2Fe14B compounds crystallize in a tetragonal structu
Their magnetic properties are well known.10–12 In R5Nd
and Tm compounds there is competition between
strongly anisotropic magnetism of localized 4f electrons in
rare-earth atoms and itinerant magnetism arising fromd
iron atoms. This gives rise to interesting physic
properties.10–12 On the other hand, Y2Fe14B has no 4f elec-
trons. Its magnetic properties are completely determined
the Fe sublattice which shows uniaxial anisotropy along
tetragonalc axis. In Nd2Fe14B and Tm2Fe14B, R and Fe
sublattice moments couple ferromagnetically and antifer
magnetically, respectively. Upon cooling down from the C
rie temperature, the magnetic structure of these compou
changes. In Tm2Fe14B, it occurs at approximately 311 K an
consists of a discontinuous change of the net magnetiza
orientation from thec axis to the basal plane. In Nd2Fe14B,
the net magnetization begins to tilt away~continuously! from
the c axis, below approximately 135 K, to form a comple
noncollinear ground state. Thus, two distinct types of sp
reorientation transition~SRT! are encountered in these mat
rials. The ferromagnetic-paramagnetic transition is conti
ous; the Curie temperatureTc lies in the range~540–590! K
for R5Y, Nd, and Tm. First-order magnetization proce
transitions have been observed in Nd2Fe14B at high magnetic
fields.13

In spite of the abundance of reports on the magnetic pr
erties ofR2Fe14B, only a few short ones have been devot
©2001 The American Physical Society28-1
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to their electron transport properties. Resistivity anomalie
the SRT temperature have been found in Nd2Fe14B and
Tm2Fe14B.14 Anomalous electron transport in Nd2Fe14B and
Y2Fe14B has been reported.15 Our own earlier papers hav
dealt with electron-transport properties of polycrystalli
R2Fe14B compounds16 and magnetotransport properties
Nd2Fe14B and Tm2Fe14B single crystals.17–19 From new re-
sults for Y2Fe14B single crystals and other results we ha
previously obtained we draw some general conclusions.

In this paper we report the results of electrical resistiv
and Hall effect measurements inR2Fe14B (R5Y, Nd, and
Tm! single crystals in a wide temperature range~4–700 K!
and in magnetic fields of up to 5 T. The measurements w
performed for various magnetic field orientations with r
spect to the easy-magnetization axis. The overall behavio
the resistivity is determined mainly by Fe atoms in the
alloys. However, contributions from rare-earth atoms are
served clearly at low temperatures. Large variations of
Hall resistivity are encountered in the vicinity of both th
spin-reorientation and paramagnetic-ferromagnetic tra
tions. The results obtained enable us to determine the do
nant electron scattering processes and salient mechan
underlying the Hall effect. A phenomenological molecula
field model for an anisotropic ferromagnet, which we use
calculate magnetization fluctuations, seems to account ra
well for the observed features in the spontaneous Hall ef
~SHE! coefficient in all the samples studied.

The experimental procedure is described in Sec. II. T
results of resistivity and Hall effect measurements are
ported and discussed in Sec. III. Conclusions are draw
Sec. IV.

II. EXPERIMENT

We grew single crystals ofR2Fe14B using the floating-
zone melting technique.20 We measured the electrical resi
tivity and Hall effect on bar-shaped samples with a six-pro
method. Samples were spark cut from a bulk single crys
Their typical dimensions were 131.535 mm3. We deter-
mined their crystallographic orientations by x-ray diffractio
Before measurements were made, each sample was pol
and checked for possible cracks. Contact leads were u
sonically soldered to the samples for low-temperature m
surements. We used platinum pressure contacts in the h
temperature range. The specimens were mounted betw
two fixed copper plates on a sample holder to minimize th
mal gradients and to avoid the effects of the large anisotr
torques on the samples when the external magnetic field
applied along the hard directions.

The Hall resistivityrH was measured as a function
magnetic field up to 0.6 T at all experimental points. In a
dition, the variation ofrH with magnetic field, up to 5 T, was
checked at 5, 100, and 280 K. These data and the mag
zation measurements were made simultaneously with a
perconducting quantum interference device~SQUID! magne-
tometer. For temperatures higher than 400 K
magnetization was measured with a Faraday balance.

We made use of two different configurations in our me
surements. ForR5Y and Nd, the current flow was alway
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perpendicular to thec axis while the external magnetic fiel
was perpendicular or parallel to it. The edges of Tm2Fe14B
sample did not come out quite parallel to the principal cr
tallographic axes. All measurements were performed w
the current flowing along the longest dimension of t
sample which was at 80° with respect to thec axis and
perpendicular to the external field. In one of the two config
rations, the external magnetic field was at an angle of ab
20° with the@100# direction. In the second one, the magne
field was rotated by 90° towards the@010# direction.

III. RESULTS AND DISCUSSION

A. Electrical resistivity

How the resistivityr of R2Fe14B single crystals varies
with temperature in the range from 4 to 700 K is shown
Fig. 1. The overall behavior of the resistivity is alike in the
compounds. It also resembles the resistivity of polycrys
line R2Fe14B samples which has already been discussed
detail.16 For temperatures below approximately 40 K,r
>r01AT2 wherer0 is the constant residual resistivity. Th
variation comes from electron-magnon scattering. As
temperature increases,r is observed to rise rapidly up toT
'0.5Tc . This rise is faster than theT5/3 that is predicted by
spin fluctuations theory.6 At higher temperatures,r increases
more slowly and exhibits a small dip near the Curie point.

FIG. 1. Resistivity data points vs temperature inR2Fe14B (R
5Y, Nd, and Tm! single crystals. The upper inset exhibits the ma
netic contribution to the resistivity vsT in the temperature range
4 K<T<30 K. The solid line shows aT2 dependence. Variation o
the electrical resistivity with the external magnetic field atT55 and
280 K for the same samples is shown in the lower inset.
8-2
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this temperature range, electrons scatter mainly against
ordered spins although the effect of magnetovolume c
pling in Fe sublattices is clearly seen nearTc .15 Above Tc ,
all spins are disordered and the magnetic resistivity satura
As electrons also scatter against phonons,r increases nearly
linearly with temperature thereafter.

We next discuss the low-temperature magnetic resisti
and change of resistivity with magnetic field since new
sults have been obtained for them. To estimate the spin
tribution rmag to the resistivity, we write the total resistivit
as r5r01rph1rmag, where rph is the resistivity arising
from electron-phonon scattering. It can be calculated us
the Bloch-Gru¨neisen formula, with a value of 420 K for th
Debye temperature.11 A plot of rmag (5AT2) versusT is
shown in the upper inset of Fig. 1 forT&30 K for the alloys
studied. A least-squares fit yields values ofA equal to 1.0
31029, 0.9731029, and 1.731029 V cm K22 for R5Y,
Nd, and Tm, respectively. We note that the coefficientsA are
strongly enhanced with respect to the usual values
electron-magnon scattering in ferromagnetic metals.21 Such a
strong enhancement of the electrical resistivity is expec
for nearly ferromagnetic materials when electron correlati
in itinerantd bands are taken into account.6

The values ofA found for R5Y and Nd are nearly the
same. Only one low-lying acoustic magnon mode~Fe-Fe
highly dispersive mode! is expected in Y2Fe14B. On the
other hand, inelastic neutron scattering experiments don
Nd2Fe14B alloys show additional magnon modes which i
volve spins of both rare-earth and iron ions.22 Our result and
the fact that Nd2Fe14B and Y2Fe14B have nearly the sam
spin-wave stiffness constant indicate that the Fe-Fe m
starts at a lower energy than the acousticR-Fe mode in
Nd2Fe14B.23 It may also be so for the Tm compound, a
though the value of the coefficientA for Tm2Fe14B is 70%
larger than that for Y2Fe14B. Obviously, theR-Fe magnon
modes are also important in the scattering of electrons for
Tm compound. Using the relationrmag}T2/(J2S), whereJ
and S are the strengths of the exchange interaction and
atomic spins involved in a magnon mode, respectively,
getJTmFe>0.23JFeFe. This corresponds to an exchange fie
of approximately 220 T, in good agreement with theoreti
predictions24 and the results of numerical fittings.25

The effect of the magnetic field on the transverse resis
ity of R2Fe14B compounds we have studied is illustrated
the lower inset of Fig. 1 for two temperatures: 5 and 280
At low temperatures, a positive magnetoresistance is fo
for all samples. It reaches a value of 2% forR5Y and Nd at
5 T; its value is much smaller for the Tm compound. On t
other hand, the resistivity decreases slightly when a magn
field H is applied at room temperature. According to curre
theory,r decreases because spin fluctuations are suppre
by the external magnetic field.6,26 However, the low-
temperature behavior ofr(H) can be explained neither b
spin fluctuation theory nor by classical magnetoresista
mechanisms. We attribute most of the variation of the re
tivity with magnetic field to magnetization-dependent sc
tering mechanisms. We estimate that side-jump scatter
which is important in our samples~see below!, does not,
however, contribute appreciably to magnetoresistanc27
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Magnetic domain walls may also contribute to th
resistivity.28 We would expect their effect to saturate rapid
with magnetic field as the system becomes a single dom
Thus, we have presently no satisfactory explanation for
low-temperature magnetoresistance ofR2Fe14B alloys.

B. Hall effect

We now turn to a discussion of the Hall effect. The Ha
resistivityrH data are hole like and follow the magnetizatio
of the sample up to 5 T atT55, 100, and 280 K in all
compounds we have examined. It implies that the Hall re
tivity arises mainly from the anomalous Hall effect. The low
field Hall resistivity varies strongly with temperature. It
shown, in addition to the magnetization, in Fig. 2 for
Y2Fe14B single crystal for two magnetic-field orientation
with respect to the easy axis.rH increases asT increases up
to Tc , where it drops sharply to very low values. The sam
happens in otherR2Fe14B compounds we have studied. I
addition, they show anomalous features near the SRT. T
for H perpendicular to thec axis,rH passes through a shar
maximum near 130 K in Nd2Fe14B. For a parallel configu-
ration, rH shows no anomaly close toTs and its variation
with T is very similar to that of Y2Fe14B.18 In Tm2Fe14B, rH
exhibits a small maximum nearTs for both configurations
studied.19

Phenomenologically, the Hall resistivity is given byrH
5RoB1Rs4pM , whereRo is the ordinary Hall coefficient,
Rs is the SHE coefficient,B is the applied magnetic induc

FIG. 2. Magnetization atH50.1 T and the Hall resistivity as a
function of temperature for Y2Fe14B single crystal in two different
magnetic-field directions. The insets show the anomalous Hall
efficient Rs5rH/4pM as a function of temperature.
8-3
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STANKIEWICZ, BARTOLOMÉ, AND HIROSAWA PHYSICAL REVIEW B 64 094428
tion, andM is the spontaneous magnetization. InR2Fe14B,
Rs is much larger thanRo (Ro&0.01Rs).

17 Therefore, we
obtain values of the SHE coefficient fromRs5rH/4pM . The
anisotropy fields inR2Fe14B compounds are high;12 therefore
the magnetic field we apply in our measurements~0.1 T! is
too small to saturate the magnetization even in the easy
rection. Consequently, we are in the linear part of theM (B)
andrH(B) curves, which depend on a particular shape of
sample. To avoid domain- and sample-shape-related eff
we measureM with the same field asrH , applied to the
same sample.

The temperature variations ofRs for Y2Fe14B are shown
in the inset of Fig. 2. ForH i@001#, Rs shows a sharp mini-
mum atTc . On the other hand, forH perpendicular to thec
easy axis there is only a small rise inRs at Tc . Such behav-
ior through the Curie point has also been found for Nd2Fe14B
~see Fig. 3!.18 It is alike in Tm2Fe14B; however, the crystal-
lographic orientation of this sample does not allow a cl
observation.19 In addition to the minimum atTc , Rs shows
extra features near the spin-reorientation transition.
Nd2Fe14B, a dip inRs is encountered atTs for H'@001#; Rs
drops slightly atTs in Tm2Fe14B in the configuration in
which H is nearly parallel to the@100# axis ~orientation 1!.
This is shown in Fig. 4. Away from the magnetic critic

FIG. 3. High-temperature anomalous Hall coefficient f
Y2Fe14B and Nd2Fe14B single crystals. The solid and dashed lin
are fits to experimental points.
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regions,Rs}r2 for R5Y and Nd. In the case ofR5Tm, this
relation is satisfied forT*170 K andT&60 K.

The behavior of the SHE coefficient inR2Fe14B com-
pounds can be explained in terms of skew and side-ju
scattering mechanisms. In models with localized spins,
skew term givesrH}M3, whereM35^(MH2^MH&)3&, and
MH is the magnetization along the magnetic-fie
direction.8,9 Since magnetization fluctuations are large ne
the critical points, the observed variations ofRs nearTs and
Tc likely come from them. The dependence ofRs on the
orientation of the easy axis with respect to the magnetic fi
gives additional ground for this conclusion.18 On the other
hand, in the vicinity of a first-order phase transition sp
fluctuations are finite, except at the transition point. Con
quently, no large variations ofRs are expected near such
point. This is howRs behaves in Tm2Fe14B ~see Fig. 4!.

In addition to skew scattering, a nonclassical effect o
side-jumpDy at scattering can be important in the SHE27

This mechanism, which also involves the spin-orbit intera
tion, gives rH}r2^M &. The variation ofRs with r for R
5Y and Nd is exhibited in Fig. 5. Here, the solid line show
a r2 dependence. Indeed, we find that the experimental d
follow this dependence quite closely. In the inset of Fig.
theRs values at the lowest temperature measured are plo
against the values of residual resistivity in our samples. T
solid line shows a fit to a relationRs5br2 where b

FIG. 4. Anomalous Hall coefficient as a function of temperatu
for T<350 K in Nd2Fe14B and Tm2Fe14B single crystals. The ori-
entation 1~2! for Tm2Fe14B corresponds toH nearly parallel~per-
pendicular! to the @100# low-temperature easy-axis direction. Th
insets show our fits~solid lines! to experimental points.
8-4
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MAGNETOTRANSPORT PROPERTIES THROUGH PHASE . . . PHYSICAL REVIEW B 64 094428
50.04V21 cm21 G21. Interestingly, this value is nearl
equal to the values ofb obtained from fittings discussed be
low. Consequently, we believe it is meaningful although
number of data points is very small. Therefore, away fr
critical points,rH in R2Fe14B seems to be limited by side
jump scattering as occurs in materials with larger.

Usually, a relationRs5ar1br2 is satisfied between th
SHE and the longitudinal resistivity.29 Following results of
Kondo8 and Maranzana,9 we fit the relationRs5aM3/4pM
1br2, where the skew component is expressed in term
spin fluctuations, to the experimental results. We have ca
lated the magnetization and its fluctuations within a pheno
enological molecular-field model for an anisotrop
ferromagnet30,25 which has been outlined in Ref. 17. In th
model, the anisotropy energy~for tetragonal symmetry! is of
the form Ean

R 5K1sin2u1K̃2sin4u1K̃3sin6u and Ean
Fe

5K0sin2u for the rare-earth and Fe ion, respectively.25,31

Here, K1 , K̃2 , K̃3, and K0 are temperature-depende
uniaxial-anisotropy constants, andu is the angle between th
c axis and the magnetization vector. We assume that thR
(mR) and Fe (mFe) moments are collinear and that theR-R
exchange is negligible.12 The total magnetic energy o
R2Fe14B per unit cell can be written

E54Ean
R 128Ean

Fe2~4mR128mFe!•H256nRFmRmFe

214nFFmFemFe , ~1!

where exchange-interaction coefficients~dimensionless! nRF
andnFF describe theR-Fe and Fe-Fe magnetic interaction
respectively. We assume thatmR(T) andmFe(T) can be de-
scribed by a Brillouin function with a corresponding molec
lar field for each component,12

mR~T!5mR~0!BJ@mBmR~0!•HR~T!/kBT#, ~2!

mFe~T!5mFe~0!BSFe
@mBmFe~0!•HFe~T!/kBT#, ~3!

FIG. 5. Anomalous Hall coefficientRs as a function of the tota
resistivity r for Y2Fe14B and Nd2Fe14B single crystals. The solid
line shows ar2 dependence. The inset exhibits a low-temperat
Rs as a function of the residual resistivity forR2Fe14B (R5Y, Nd,
and Tm! single crystals.
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wheremR(0) andmFe(0) are the zero-temperature momen
of R and Fe, respectively,SFe is the Fe spin,J is the total
angular momentum of the 4f electrons,kB is the Boltzmann
constant, andmB is the Bohr magneton. The molecular field
for the R and Fe moments are

HR~T!5H114nRFmFe~T!, ~4!

HFe~T!5H1@14nFFmFe~T!12nRFmR~T!#. ~5!

For Y2Fe14B, nRF50. HereM (H,T) follows from the equi-
librium condition dE/du50. The spin-moment fluctuation
have been obtained from the relation̂(MH2^MH&)3&
5(kBT)2(]2MH /]H2)T . Values of the anisotropy constan
for R5Y were taken from Ref. 20. We used the same anis
ropy values as in Ref. 17 for Nd2Fe14B. For Tm2Fe14B, the
corresponding values were taken from Ref. 13. Howev
we did not find how they change with temperature. We
sumed a linear variation and thatKe f f(T)5K0(T)1K1(T)
1K̃2(T)1K̃3(T)50 at Ts . Values of 63103 and of 1.1
3104 for nFF in R5Nd andR5Y and Tm compounds, re
spectively, and of 23103 for nRF give the best fit between
the calculated and the measured magnetization at satur
field in R2Fe14B alloys studied. The free-ion moment wa
used as the zero-temperature moment of Nd and Tm ions
assume a value of 2.1mB for mFe(0) and a value of 1 for the
Fe spin.20

Figure 3 exhibits the best fit~solid and dashed lines! to
the spontaneous Hall coefficient in the high-temperat
range for Y2Fe14B and Nd2Fe14B in the two configurations
studied. Our calculations reproduce very well the obser
pronounced negative peak atTc for H i@001# in both com-
pounds. The low-temperature region is shown in Fig. 4
Nd2Fe14B and Tm2Fe14B. Here, the calculatedRs ~solid
lines! are exhibited in the insets for the perpendicular~or
nearly perpendicular! orientation in Nd~Tm! alloy. Lack of
knowledge of the anisotropy constants for the latter co
pound makes our calculations somewhat unreliable for
Nevertheless, they reproduce correctly the behavior ofRs
through the SRT as shown in the lower inset of Fig. 4. O
fits to Rs yield b50.045(0.035)V21 cm21 G21 for both
configurations anda53.531025(1.631024) V cm25 G23 in
Y ~Nd! compound for H parallel to the c axis; a51
31025 V cm25 G23 in Nd2Fe14B for perpendicular orienta-
tion. These values are not far from the theoretically predic
ones.9,27 Berger has shown that 4pMsb5ne2Dy/\k, where
n and k are the electron concentration and wave vec
respectively.27 Assumingn5331022 cm23, one obtains the
length of the side-jumpDy5231029 cm, which is quite
close to the estimated one in ferromagnetic materials.27 This
is surprising, considering how rough our approximations a

IV. CONCLUDING REMARKS

We have measured the resistivity and Hall effect of
R2Fe14B (R5Y, Nd, and Tm! single crystals as a function o
temperature and magnetic field. The overall behavior
these alloys is dominated by iron atoms although some in
esting features follow from the presence of rare-earth ato

e
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The low-temperature behavior of the magnetic resistiv
(rmag}T2) arises quite likely from the scattering of ele
trons by magnons that involve iron atoms and both rare-e
and iron atoms. A strong enhancement of the electrical re
tivity in this temperature region can be attributed to sp
fluctuations inR2Fe14B alloys which behave as nearly ferro
magnetic materials. At high temperatures (T.Tc), the mag-
netic resistivity saturates but the total resistivity increa
linearly with temperature owing to phonon scattering. T
anomalous behavior ofr just belowTc is most likely pro-
duced by strong lattice softening in this region.

The low-field Hall resistivity shows large variations ne
phase transition points. Such a behavior can be explaine
magnetization fluctuations which enhance skew scatterin
the critical regions of the spin reorientation and t
paramagnetic-ferromagnetic transitions. Our results sh
09442
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that the localized spin-charge carrier interaction is importa
therein. Following models in which the Hall resistivity an
the third moment of the spin fluctuations are proportion
and calculating the latter within a molecular-field approxim
tion for an anisotropic ferromagnet, we can reproduce qu
well the observed anomalies in the SHE coefficient. Aw
from phase transition regions, the SHE seems to come fr
side-jump scattering, as it does in materials with large imp
rity concentrations. Magnetization-dependent scatter
mechanisms also seem important for the magnetoresista
of R2Fe14B alloys.
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