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Magnetotransport properties of Nd2Fe14B
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The electrical resistivity and Hall effect of a single crystal of Nd2Fe14B have been measured over the
temperature range of 10 to 300 K in magnetic fields of up to 12 T. At low temperature, a positive~both
transverse and longitudinal! magnetoresistance is observed. It can be attributed to scattering of carriers by
magnetization-dependent mechanisms. The magnetoresistance decreases strongly with increasing temperature
as the suppression of spin fluctuations by an external field becomes more important. Hall resistivity data are
holelike and follow the magnetization of the material. The low-field Hall resistivity peaks at about 130 K, in
the vicinity of the spin-reorientation temperature in Nd2Fe14B. Away from the peak, the Hall resistivity is
proportional to the square of the total resistivity. We find that both skew scattering and side-jump scattering
contribute to the Hall effect. However, spin fluctuations are important only in a small region close to the
spin-reorientation temperature whereas side-jump scattering governs the Hall effect in the whole temperature
range studied.@S0163-1829~99!15501-2#
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I. INTRODUCTION

Magnetic materials of the typeR2Fe14B ~R5lanthanide
series! are important for technological applications as perm
nent magnets. Since the discovery of Nd2Fe14B in 1984,1

these materials have been the subject of intens
research.2–4 Their strong uniaxial anisotropy, a large spon
neous magnetization, and a relatively high Curie tempera
are attractive for applications, and their understanding po
an interesting challenge.

Nd2Fe14B crystallizes in a tetragonal structure. Its un
cell, with 68 atoms, is quite complicated. Nd and Fe io
occupy two and six different crystallographic sites, with
average magnetic moment of 2.30 and of 2.1mB , respec-
tively. Electronic band structure calculations show that
Fe d bands are most important in the density of states at
Fermi level although Nd 4f localized bands are found not fa
from it.5 The Fe sublattice provides most of the magneti
tion of Nd2Fe14B while the magnetocrystalline anisotrop
arises almost entirely from the Nd ions since they have n
vanishing orbital moments. Nd and Fe sublattice mome
couple ferromagnetically; the Curie temperature is 5866

At room temperature, the easy magnetization direction is
tetragonalc axis and the Nd and Fe sublattice moments
collinear. As the temperature decreases, Nd2Fe14B exhibits a
spin-reorientation transition.4 Below the spin-reorientation
temperature,Ts(Ts.135 K), the magnetization directio
cants away from@001# towards the@110# direction, by an
angle that increases with decreasing temperature, up app
mately to 30° at 4 K. Features related to this transition h
been found in nearly all sorts of measurements performed
Nd2Fe14B.4 The magnetic coupling strength between Nd a
Fe moments is about half of the coupling strength betw
Fe ions. The Nd-Nd magnetic interaction is much weake4

In spite of the abundance of reports on the magnetic pr
erties of Nd2Fe14B, there are only a few studies of its ele
tron transport properties. One of them is a short report on
resistivity anomaly observed at the spin-reorientation tra
PRB 590163-1829/99/59~2!/1152~5!/$15.00
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tion temperature.7 Two other papers are devoted to the te
perature dependence of the resistivity.8,9 It has been found
that the low-temperature magnetic resistivity can be att
uted to scattering of electrons by magnons and by spin fl
tuations. The anomalous behavior of the resistivity just
low the Curie temperature has been attributed to Invar-t
coupling.

Electrical and magnetotransport properties are very se
tive to the electronic structure as well as to the magne
nature of the materials studied. The magnetism of the in
4 f shell strongly affects the resistivity of rare-earth metals11

The s-f exchange interaction, which leads to the anomalo
behavior of the conductivity in rare-earth materials,12,13 is
also important in transport properties of intermetallic co
pounds with nontransition metals14 and of magnetic alloys.15

In particular, it may lead to anisotropy in magnetoresistan
Spin-orbit coupling, either intrinsic or extrinsic~arising from
the s-d or s-f interaction!, of magnetic electrons, gives ris
to a magnetization-dependent Hall effect.16 The anomalous
Hall resistivity can be a sensitive probe of the rearrangem
of localized moments.17 Its magnitude has been shown to b
proportional to the third moment of the magnetizati
fluctuations.18,19 Consequently, a strong enhancement of
anomalous Hall coefficient is expected close to magn
phase-transition points. Such effects have been observe
pure ferromagnetic metals and in antiferromagne
semiconductors.19 Intermetallic compounds with transitio
metals may show more complex behavior, 3d itinerant mag-
netism and 4f localized magnetic moments are present
them. The interplay between these two contributions is o
of the most interesting features ofR2Fe14B compounds that
is still not well understood. Magnetotransport measureme
are very suitable for elucidating the role of each of the
contributions. However, neither the magnetotransport pr
erties of Nd2Fe14B nor those of similar compounds have,
our knowledge, been studied.

In this paper we report results of electrical resistivity a
Hall-effect measurements in Nd2Fe14B single crystal in the
1152 ©1999 The American Physical Society
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temperature range of 10–300 K and in magnetic fields of
to 12 T. A positive anisotropic magnetoresistance of ab
6% is observed at lowest temperatures and highest mag
fields applied. This effect decreases strongly with increas
temperature. Hall data for magnetic field applied along
@110# direction are holelike and follow the magnetization
least at 100 and 280 K. The low-field Hall resistivity peaks
about 130 K, in the vicinity of the spin-reorientation tem
perature in Nd2Fe14B. Away from the peak, the Hall resis
tivity scales with the square of the total resistivity. The r
sults obtained enable us to determine the domin
mechanisms in the Hall effect and magnetoresistance. To
best of our knowledge, this is by far the largest transp
effect ever observed that can be attributed to a sp
reorientation transition. The experimental procedure is
scribed in Sec. II. Results of magnetoresistance and H
effect measurements are reported and discussed in Sec
Conclusions are drawn in Sec. IV.

II. EXPERIMENT

A single crystal of Nd2Fe14B used in our studies wa
grown by Sagawa by the floating-zone melting techniqu6

The electrical resistivity and Hall-effect measurements w
performed with a six-probe method on bar-shaped samp
The samples were spark cut from the bulk single crystal
had typical dimensions of 131.535 mm3. Their crystallo-
graphic orientations were determined by x-ray diffractio
Before measurements, each sample was polished
checked for possible cracks. Contact leads were ultras
cally soldered to the samples. The specimens were mou
between two fixed copper plates on a sample holder to m
mize thermal gradients and to avoid the effects of the la
anisotropy torques on the samples when the external m
netic field was applied along the@110# and@11̄0# directions.
For measurements with the external magnetic field paralle
the easy magnetization direction, the specimen was left
to rotate. The relative error obtained for resistivity measu
ments is about 0.05%; absolute values were determine
within 5%. The temperature was determined to about 1 K at
high temperatures and to about 0.2 K at low temperatu
using chromel-alumel and chromel-AuFe thermocouples,
spectively. In the presence of magnetic fields, the temp
ture was controlled using a calibrated carbon glass resis
Magnetization measurements were performed on the s
samples that were used in magnetotransport studies.

III. RESULTS AND DISCUSSION

Figure 1 shows how the zero-field resistivity,r, and the
low-field Hall resistivity, rH , of Nd2Fe14B vary with tem-
perature in the range from 4 to 300 K. First, we discuss
temperature and magnetic-field dependence of the resisti
At low temperatures, the measured resistivity approache
small constant value.r increases rapidly with temperatur
from 50 to about 250 K. The corresponding increme
amounts to approximately 60% of the total resistivity at 2
K. For higher temperatures,r increases more slowly. Suc
behavior resembles the temperature dependence of the
tivity found for R2Fe14B polycrystalline samples and can b
analyzed in the same terms.9 Applying Matthiessen’s rule,
p
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the total resistivity can be written asr5r01rph1rmag,
wherer0 is the temperature independent residual resistiv
rph is the resistivity arising from electron-phonon scatterin
and rmag is the magnetic ~spin! resistivity. At low-
temperature (T&40 K),rmag}T2. This behavior can be at
tributed to the scattering of electrons by magnons that
volve mainly iron atoms. The scattering by mixed iron-rar
earth modes contributes less than 10% to the magn
resistivity at low T, as estimated from thermag(T) depen-
dence. In the intermediate-temperature range, the carrier
scattered mainly by thermal spin disorder. We note that
value of the residual resistivity (r0>40 mV cm) is quite
high in our samples, probably because of large impurity c
centration and static lattice imperfections.

The field dependence of the magnetoresistance
Nd2Fe14B is shown in Fig. 2 at various temperatures for d
ferent magnetic-field orientations. Current flow is alwa
along the@11̄0# direction. At 10 K, a positive~both trans-
verse and longitudinal! magnetoresistance of about 6%
observed. An external magnetic field,H, applied along the
current direction, gives no classical magnetoresistance~no
Lorentz force!. Therefore, the observed rise of resistivi
with H comes from the effect of magnetization. As can
gathered from Fig. 2, this contribution is slightly anisotrop
positive, and increases with increasing magnetic-fi
strength. This is contrary to the theoretical predictions
ferromagnetic metals, that suppression of spin fluctuati
by an external field would lead to a negativ
magnetoresistance.10 We attribute most of the observe
change ofr with H to scattering mechanisms that depend
the magnetization, M , namely skew and side-jump
scattering.20,21 However, we estimate~see below! the contri-
bution of side-jump scattering to magnetoresistance to
two orders of magnitude smaller that the measured va
Our data~see below! from Hall-effect measurements do no
allow us to estimate the skew contribution. The differen
between transverse and longitudinal magnetoresistance
shown in Fig. 3 as a function of magnetic field for two tem
peratures. This difference arises mainly from the class
magnetoresistance term that is proportional toH2. Assuming
an electron mobility of about 5 cm2V21s21, the classical
contribution should be about 1% of the zero-fieldr at low
temperatures, which is close to the experimental value.

FIG. 1. Zero-field resistivity and low-field~0.1 T! Hall resistiv-
ity data points versus temperature of Nd2Fe14B single crystals. The
solid lines are guides to the eye.
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magnetoresistance of Nd2Fe14B decreases rapidly as the tem
perature increases and turns slightly negative at room t
perature forHiM ~see Fig. 2!. Scattering by spin fluctuation
is more important at higher temperatures, and, theref
their suppression by an applied magnetic field becomes m
evident in magnetoresistance.

We now turn to the discussion of our Hall-effect da
Figure 4 shows how the Hall resistivity of Nd2Fe14B varies
with applied magnetic field at three different temperatur

FIG. 2. Magnetoresistance of Nd2Fe14B at various temperatures

The current flow direction is@11̄0#.

FIG. 3. The difference between perpendicular (H'I ) and lon-
gitudinal (Hi I ) resistivity, normalized to the zero-field value, as
function of the external magnetic field.
-

e,
re

.

.

At 10 and 100 K,rH rises sharply up to approximately 0.2 T
it increases more slowly and almost linearly with field the
after. At 280 K,rH increases with field up to 11 T, where
starts to decrease slightly. The same data are plotted
function of magnetization in the inset of Fig. 4.@The mag-
netization has been measured on the same samples that
been used in electrical transport measurements in a fiel
up to 5 T. TheM (H) dependence for higher fields has be
extrapolated from the data in Ref. 22.# It is clear that the Hall
resistivity data, which are holelike, follow the magnetizati
of the sample, at least at two~100 and 280 K! of the three
temperatures for which measurements were made. The
field Hall resistivity is shown in Fig. 1. It passes through
sharp maximum near 130 K; away from the maximum,rH
increases with increasing temperature.

Phenomenologically, the Hall resistivity is defined by

rH5R0B1Rs4pM5R0@H14pM ~12N!#1Rs4pM ,
~1!

whereR0 is the ordinary Hall coefficient,Rs is the sponta-
neous Hall-effect~SHE! coefficient~also called anomalous!,
B is the applied magnetic induction,M is the spontaneous
magnetization, andN is the demagnetization factor. Usuall
the Rs is much larger thanR0 in magnetic samples. This i
also true for our samples. AtT5280 K, a saturation, fol-
lowed by a very slight decrease, of the Hall resistivity wi
field is observed. If we ascribe this change to the ordin
Hall effect, we obtainR0>2231024 cm3C21 and a rough
estimate of the electron concentration as 331022 cm23.
SHE in ferromagnetic materials has been the subject of m
publications since the seminal work of Karplus and Lutting
in 1954.23 It has been shown that various mechanisms c
tribute to it. One of them, skew scattering, arises from asy
metric scattering by impurities or phonons, and can be
counted for with a classical Boltzmann equation. It
brought about by spin-orbit coupling and is characterized
a constant spontaneous Hall angle:uH5rH /r, by which
angle the scattered carriers deviate from their origi
trajectories.20,24 Another effect, a constant lateral displac
mentDy ~side-jump! of the charge carrier’s trajectory at ev
ery scattering event, either by impurities or by phonons
nonclassical and is also related to the spin-orbit interactio21

FIG. 4. The Hall resistivity as a function of magnetic field
Nd2Fe14B single crystals for three different temperatures. The in
shows the same data as a function of magnetization.
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For this mechanism,uH}r. A simple relation is satisfied
between the SHE and the longitudinal resistivity:25

Rs5ar1br2, ~2!

where the first term stands for the skew component, and
second term gives the side-jump contribution to the ano
lous Hall coefficient. Dilute impurities and spin disorder a
expected to giveRs}r, whereas phonons and concentrat
spin defects lead toRs}r2. Consequently, SHE is usuall
attributed to skew scattering whenr is small, and to side-
jump scattering whenr is large, e.g., in concentrated or di
ordered materials. We obtain the values of the SHE coe
cient from: Rs5rH/4pM , where rH is the low-field Hall
resistivity ~shown in Fig. 1! andM is the value of magneti-
zation measured with the same field~0.1 T! applied to the
same sample. The temperature variations of the low-fi
Hall angle and of the magnetization are shown in Fig. 5. I
remarkable that both quantities rise sharply upon cooli
near the spin-reorientation temperature. The signature of
transition is also seen in the anomalous Hall coefficie
shown by open squares in Fig. 6. It appears as a dip in
Rs(T)@Rs(r)# curve sincerH decreases withT more rapidly
than M does in the vicinity ofTs . We fit our experimental
results for Nd2Fe14B to Eq. ~2!, but with the skew scattering
term modified, following the results of Kondo an

FIG. 5. Hall angle and magnetization atH50.1 T, as a func-
tion of temperature, for Nd2Fe14B.

FIG. 6. Anomalous Hall coefficient,Rs5rH/4pM , as function
of the total resistivity for Nd2Fe14B single crystals. The solid line is
a fit to experimental points. Experimental~open circles! and calcu-
lated ~solid line! magnetization as a function of temperature a
shown in the inset.
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Maranzana.18,19 Considering the interaction between loca
ized spin and conduction-electron orbital momentum, th
have shown that the anomalous resistivity is proportiona
the third moment of the magnetization fluctuations:rH
}M3 , where M3(T)5Š(M2^M &)3

‹. We have calculated
M3 for Nd2Fe14B within a phenomenological model for a
anisotropic ferromagnet.26 In this model, forH in the @110#
direction, the total magnetic energy is equal to

E5K1sin2u1K̃2sin4u1K̃3sin6u2HMssinu, ~3!

whereu is the angle between thec axis and the magnetiza
tion vector, Ms is the saturation magnetization, an
K1 ,K̃2 ,K̃3 are uniaxial anisotropy constants.26 From the
equilibrium condition,dE/du50, from whichM (H,T) fol-
lows. Values forMs(T),K1(T),K̃2(T),K̃3(T) have been re-
ported by several authors.22,26The anisotropy constant value
they give have been determined from the variation ofM with
respect toH between 0 and 20 T for different temperature
We happen to be interested in the values of these cons
near 0.1 T. The anisotropy constant values reported do
give a very good fit ofM versusT at such low values ofH.
We find that a slight change~within 3%! in the value ofK1
given by Bolzoni26 leads to a significant improvement of th
fit. We use the ‘‘corrected’’ anisotropy constant valu
throughout this paper. The calculated magnetization
shown by a solid line in the inset of Fig. 6. Agreement w
experiment is fairly good. The spin-moment fluctuatio
have been obtained by taking the second derivative~numeri-
cally! of the magnetization with respect to the magne
field. The best fit to the spontaneous Hall coefficie
(Rs5aM3/4pM1br2), shown in Fig. 6, yieldsa54
31032 V cm25 andb50.0115 V21 cm21G21. These val-
ues are in good agreement with theoretical predictions. M
ranzana gives for the prefactora the following expression:
a5(3N/2V)(sinkFd/EFd)(g/\)J2, where EF and kF are
the Fermi energy and wave vector, respectively;d is the
lattice constant;J and g are an exchange constant an
the Lande´ splitting factor, respectively.19 Assum-
ing (N/V)>331022 cm23, J55 meV, EF53 eV, and
d5331028 cm,4,21 one obtains a5331032 V cm25,
which is only 30% smaller than the value we have obtain
This is surprising considering how rough our approximatio
are. On the other hand, Berger has shown thatb
5gHs/4pMs , where gHs5ne2Dy/\k.21 For the same pa-
rameter values as above and for, following Ref. 21,Dy
51.531029 cm, we obtain b>0.011 V21 cm21G21,
which is very close to our result.

Therefore, a combination of skew and side-jump scat
ing explains our experimental results for SHE in Nd2Fe14B.
Scattering by spin fluctuations is only effective in a narro
temperature region near the spin-reorientation temperat
Magnetization fluctuations are large in this region as Fe
Nd magnetic moments cant away from the collinear orien
tion to a noncollinear arrangement.27 Our results point out
the importance of the localized spin-charge-carrier inter
tion therein. Away from the spin-reorientation region, SH
appears to follow from side-jump scattering rather than fr
skew scattering. This is reasonable since the residual re
tivity is high in our samples. The length of the side jum
which can be independently obtained from the Hall an
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variation with magnetization, amounts to 231029 cm,
which is very close to the one-band estimate in ferrom
netic materials.21

IV. CONCLUDING REMARKS

We have measured the resistivity and Hall effect o
Nd2Fe14B single crystal as a function of temperature a
magnetic field. It turns out that the low-temperature behav
of its magnetoresistance can be attributed to scattering
electrons by mechanisms dependent on the magnetiza
However, the contribution from side-jump scattering
magnetoresistance,21 which, for low fields, is given by
Dr/r5H(M /Ms)(eDy/\kF)>1029H(G), is too small to
explain our results. It would be helpful to study the high-fie
limit behavior of r in our samples. Unfortunately, it woul
require magnetic fields of the order of 104 T, which are
difficult to reach experimentally.

The low-field Hall resistivity passes through a sha
maximum in the vicinity of the spin-reorientation temper
a

n

d
.

E

H

-

r
of
n.

ture. This is the largest electronic transport effect we kn
about that can be attributed to a spin reorientation.
should note that we do not find any resistivity anomaly at
spin-reorientation transition. Magnetization fluctuations
fect resistivity much less than the SHE. This effect is p
portional to the second moment of the magnetization wh
does not vary as sharply through the transition asM3 does. In
addition, scattering mechanisms that are magnetization in
pendent, such as scattering by impurities or static lattice
fects, seem to be important in our samples. Obviously, t
mask magnetization-dependent effects.
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