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The electrical resistivity and Hall effect of,¥e;,B 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
Nd,Fe ,B and TmFe 4B single crystals, we draw some general conclusions aRgfe, B 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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[. INTRODUCTION ous magnetic phase transitions in order to elucidate the role
that different scattering mechanisms play in them and to pin-
Transport properties of magnetic materials have been thpoint the interplay between electronic and magnetic phenom-
subject of rather intensive research, both experimental anéna. We choose to study intermetallic compounds of the type
theoretical, for the last few decades. They can reveal intefRzFeiB (R=Y, Nd, and Tm), which are important for tech-
esting aspects, particularly when going through phase transiological applications as permanent magnets. The latter two
tions. Recent developments in experimental techniques hav#@ow two different magnetic phase transitions while the
made good-quality single-crystal materials available and enformer, which has a nonmagnefitelement, provides a ref-
abled precise determination of transport properties. The inerence for role that thedBelectrons play.
terpretation of the experimental results thus obtained may R:Fe&4B compounds crystallize in a tetragonal structure.
sometimes be controversial, but they can also open up newheir magnetic properties are well knowt'? In R=Nd
areas of research. and Tm compounds there is competition between the
It is well established that electron transport properties arétrongly anisotropic magnetism of localized électrons in
very sensitive to electronic structure as well as to the magrare-earth atoms and itinerant magnetism arising frain 3
netic nature of materials. Spectacular effects can be obfon atoms. This gives rise to interesting physical
served, especially when a magnetic field is applied. The corproperties:’>~*2On the other hand, Y e B has no 4 elec-
ductivity of rare-earth metals shows anomalous behaviotrons. Its magnetic properties are completely determined by
because the magnetism of the inndrshell strongly affects the Fe sublattice which shows uniaxial anisotropy along the
not only current carrier scattering but their band structure atetragonalc axis. In NdFe,B and TmFe,B, R and Fe
well.! The effect of thes-f exchange interaction on the sublattice moments couple ferromagnetically and antiferro-
conductivity is also important in transport properties of magnetically, respectively. Upon cooling down from the Cu-
intermetallic compounds with nontransition mefatxd of  rie temperature, the magnetic structure of these compounds
magnetic alloys. In particular, it may lead to anisotropy in changes. In TgFe 4B, it occurs at approximately 311 K and
magnetoresistance. Variations of the electrical resistivityconsists of a discontinuous change of the net magnetization
with temperature and magnetic field provide relevant infor-orientation from thec axis to the basal plane. In Née 4B,
mation about how itinerant magnetic electrons%én the  the net magnetization begins to tilt awépntinuously from
other hand, asymmetric current carrier scattering which ighe c axis, below approximately 135 K, to form a complex
subject to spin-orbit interactions gives rise to anoncollinear ground state. Thus, two distinct types of spin-
magnetization-dependent Hall efféctits magnitude has reorientation transitioiSRT) are encountered in these mate-
been shown to be proportional to the third moment of therials. The ferromagnetic-paramagnetic transition is continu-
deviation of the magnetization from its mean vaft’eCon-  ous; the Curie temperatuf®, lies in the rangg540—-590 K
sequently, large variations of the anomalous Hall coefficienfor R=Y, Nd, and Tm. First-order magnetization process
can be expected near critical points. These should be quiteansitions have been observed in,Rg,,B at high magnetic
different through first-order transitions where spin fluctua-fields!?
tions remain within bounds. It is our aim to study the resis- In spite of the abundance of reports on the magnetic prop-
tivity and Hall effect in magnetic materials which show vari- erties ofR,Fe 4B, only a few short ones have been devoted
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to their electron transport properties. Resistivity anomalies at 140
the SRT temperature have been found in,RNg,B and
Tm,Fe B.1* Anomalous electron transport in bee B and
Y,Fe B has been reported.Our own earlier papers have
dealt with electron-transport properties of polycrystalline 120
R,Fe;,B compound® and magnetotransport properties of
Nd,Fe;,B and TmFe,,B single crystal$/~° From new re-
sults for Y,Fe,B single crystals and other results we have
previously obtained we draw some general conclusions.

In this paper we report the results of electrical resistivity
and Hall effect measurements RyFe;,B (R=Y, Nd, and
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tions. The results obtained enable us to determine the domi- 40 » =] 7
nant electron scattering processes and salient mechanisms 0 2 Hm 4 6 1
underlying the Hall effect. A phenomenological molecular- — L L
field model for an anisotropic ferromagnet, which we use to 0 200 400 600
calculate magnetization fluctuations, seems to account rather T(K)

well for the observed features in the spontaneous Hall effect

(SHE) coefficient in all the samples studied. FIG. 1. Resistivity data points vs temperatureRpFe B (R

The experimental procedure is described in Sec. Il. The=Y, Nd, and Tm single crystals. The upper inset exhibits the mag-
results of resistivity and Hall effect measurements are renetic contribution to the resistivity v§ in the temperature range
ported and discussed in Sec. lll. Conclusions are drawn i# K<T=30 K. The solid line shows & dependence. Variation of
Sec. IV. the electrical resistivity with the external magnetic fieldat5 and

280 K for the same samples is shown in the lower inset.

Il. EXPERIMENT perpendicular to the axis while the external magnetic field
was perpendicular or parallel to it. The edges of,F&,B
sample did not come out quite parallel to the principal crys-
dallographic axes. All measurements were performed with
the current flowing along the longest dimension of the
sample which was at 80° with respect to theaxis and

We grew single crystals oR,Fe 4B using the floating-
zone melting techniqu&. We measured the electrical resis-
tivity and Hall effect on bar-shaped samples with a six-prob
method. Samples were spark cut from a bulk single crysta
Their typical dimensions werex1.5x5 mn?. We deter- ) X )
mined their crystallographic orientations by x-ray diffraction. PerPendicular to the external field. In one of the two configu-
Before measurements were made, each sample was polishgiions, the external magnetic field was at an angle of about
and checked for possible cracks. Contact leads were ultrs20° With the[100] direction. In the second one, the magnetic
sonically soldered to the samples for low-temperature medield was rotated by 90° towards tf@10] direction.
surements. We used platinum pressure contacts in the high-
temperature range. The specimens were mounted between [ll. RESULTS AND DISCUSSION
two fixed copper plates on a sample holder to minimize ther-
mal gradients and to avoid the effects of the large anisotropy
torques on the samples when the external magnetic field was How the resistivityp of R,Fe 4B single crystals varies
applied along the hard directions. with temperature in the range from 4 to 700 K is shown in

The Hall resistivity p; was measured as a function of Fig. 1. The overall behavior of the resistivity is alike in these
magnetic field up to 0.6 T at all experimental points. In ad-compounds. It also resembles the resistivity of polycrystal-
dition, the variation opy, with magnetic field, up to 5 T, was line R,Fe;,B samples which has already been discussed in
checked at 5, 100, and 280 K. These data and the magnetietail’® For temperatures below approximately 40 K,
zation measurements were made simultaneously with a s@&pg+ AT? wherep, is the constant residual resistivity. This
perconducting quantum interference deW8QUID) magne- variation comes from electron-magnon scattering. As the
tometer. For temperatures higher than 400 K thetemperature increases,is observed to rise rapidly up ®
magnetization was measured with a Faraday balance. ~0.5T,.. This rise is faster than th€° that is predicted by

We made use of two different configurations in our mea-spin fluctuations theor§/At higher temperatureg, increases
surements. FOR=Y and Nd, the current flow was always more slowly and exhibits a small dip near the Curie point. In

A. Electrical resistivity
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this temperature range, electrons scatter mainly against dis 160 =77+ 7+7 2
ordered spins although the effect of magnetovolume cou- B —
pling in Fe sublattices is clearly seen ndar.*® Above T, Y,Fe, B .

all spins are disordered and the magnetic resistivity saturates 120 a&“ﬂm‘i ]
As electro_ns also scatter against phongnsicreases nearly [ HI1{001] M - ]
linearly with temperature thereafter.

We next discuss the low-temperature magnetic resistivity
and change of resistivity with magnetic field since new re-
sults have been obtained for them. To estimate the spin co
tribution p 44 to the resistivity, we write the total resistivity
as p=po+ ppht Pmag: Where pyy, is the resistivity arising
from electron-phonon scattering. It can be calculated usin
the Bloch-Grueisen formula, with a value of 420 K for the
Debye temperaturg. A plot of Pmag (=AT?) versusT is
shown in the upper inset of Fig. 1 far< 30 K for the alloys
studied. A least-squares fit yields valuesAfequal to 1.0
x1079, 0.97x10°° and 1.% 10 ° QcmK 2 for R=Y,
Nd, and Tm, respectively. We note that the coefficiehtre I
strongly enhanced with respect to the usual values of 20
electron-magnon scattering in ferromagnetic metauch a -
strong enhancement of the electrical resistivity is expectec | ]
for nearly ferromagnetic materials when electron correlations ol 1 g
in itinerantd bands are taken into accotfnt. 0 100 200 300 400 500 600

The values ofA found for R=Y and Nd are nearly the T(K)
same. Only one low-lying acoustic magnon mofde-Fe
highly dispersive modeis expected in ¥Fe,B. On the FI_G. 2. Magnetization at =0.1 T and the HaI_I resistiv_ity as a
other hand, inelastic neutron scattering experiments done dHnction of temperature for ¥e,,B single crystal in two different
Nd,Fe,,B alloys show additional magnon modes which in- me.\g.netlc-fleld directions. The msets show the anomalous Hall co-
volve spins of both rare-earth and iron igA©ur result and ~ EMICiENtRs=py/47M as a function of temperature.
the fact that NdFe;,B and Y,Fe ,B have nearly the same
spin-wave stiffness constant indicate that the Fe-Fe moddagnetic domain walls may also contribute to the
starts at a lower energy than the acous®id-e mode in resistivity?® We would expect their effect to saturate rapidly
Nd,Fe;,B.%% It may also be so for the Tm compound, al- with magnetic field as the system becomes a single domain.
though the value of the coefficiert for Tm,Fe,B is 70% Thus, we have presently no satisfactory explanation for the
larger than that for YFe,B. Obviously, theR-Fe magnon low-temperature magnetoresistanceRafe; B alloys.
modes are also important in the scattering of electrons for the
Tm compound. Using the relatigpy,qq T/ (J?S), whereJ
and S are the strengths of the exchange interaction and the
atomic spins involved in a magnon mode, respectively, we We now turn to a discussion of the Hall effect. The Hall
getdrmr=0.230r.r.. This corresponds to an exchange field resistivity p,; data are hole like and follow the magnetization
of approximately 220 T, in good agreement with theoreticalof the sample up to 5 T ar=5, 100, and 280 K in all
predictioné* and the results of numerical fitting®. compounds we have examined. It implies that the Hall resis-

The effect of the magnetic field on the transverse resistiviivity arises mainly from the anomalous Hall effect. The low-
ity of R,Fe 4B compounds we have studied is illustrated in field Hall resistivity varies strongly with temperature. It is
the lower inset of Fig. 1 for two temperatures: 5 and 280 K.shown, in addition to the magnetization, in Fig. 2 for a
At low temperatures, a positive magnetoresistance is found2FeisB single crystal for two magnetic-field orientations
for all samples. It reaches a value of 2% R+eY and Nd at ~ With respect to the easy axisy increases a$ increases up
5 T; its value is much smaller for the Tm compound. On theto T, where it drops sharply to very low values. The same
other hand, the resistivity decreases slightly when a magnetigappens in otheR,Fe;,B compounds we have studied. In
field H is applied at room temperature. According to currentaddition, they show anomalous features near the SRT. Thus,
theory,p decreases because spin fluctuations are suppresstsd H perpendicular to the axis, py; passes through a sharp
by the external magnetic fiekf® However, the low- maximum near 130 K in Ngdre4B. For a parallel configu-
temperature behavior gf(H) can be explained neither by ration, p; shows no anomaly close @, and its variation
spin fluctuation theory nor by classical magnetoresistancwith T is very similar to that of YFe ,B.1% In Tm,Fe. B, py
mechanisms. We attribute most of the variation of the resisexhibits a small maximum nedr for both configurations
tivity with magnetic field to magnetization-dependent scat-studied®
tering mechanisms. We estimate that side-jump scattering, Phenomenologically, the Hall resistivity is given by,
which is important in our samplesee beloy, does not, =R,B+Rd47M, whereR, is the ordinary Hall coefficient,
however, contribute appreciably to magnetoresistdhce. R, is the SHE coefficient is the applied magnetic induc-
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FIG. 4. Anomalous Hall coefficient as a function of temperature
for T<350 K in Nd,Fe,B and TmFe;,B single crystals. The ori-
. . entation 1(2) for Tm,Fe ,B corresponds té1 nearly parallel(per-
FIG. 3. High-temperature anomalous Hall coefficient for nengiculay to the [100] low-temperature easy-axis direction. The
Y2FeB and NgFe,B single crystals. The solid and dashed lines jhgets show our fitésolid lineg to experimental points.
are fits to experimental points.

regions,Rsx p? for R=Y and Nd. In the case d®=Tm, this

tion, andM is the spontaneous magnetization.RpFe B,  relation is satisfied fof =170 K andT=60 K.

R is much larger tharR, (R,<0.01R,).!” Therefore, we The behavior of the SHE coefficient iR,Fe, B com-
obtain values of the SHE coefficient froRy= p/4wM. The ~ Pounds can be explained in terms of skew and side-jump
anisotropy fields ifR,Fe, 8 compounds are higt:therefore ~ Scattering m_echanlsms. In models with Iocahzed3 spins, the
the magnetic field we apply in our measuremeftd T) is ~ SKeW term givegpy,<Ms, whereMs=((My—(My))"), and

too small to saturate the magnetization even in the easy dMn Is the_ magnetization along the magnetic-field
rection. Consequently, we are in the linear part of kh¢B) direction®” Since magnetization fluctuations are large near

: . the critical points, the observed variationsRf nearTg and
andpy(B) curves, which depend on a particular shape of th  likely come from them. The dependence Rf on the

sample. To avoid domain- and sample-shape-related effects’. d o e
. . : Otientation of the easy axis with respect to the magnetic field
we measureM with the same field apy, applied to the gives additional ground for this conclusibhOn the other
same sample. o hand, in the vicinity of a first-order phase transition spin
~ The temperature variations & for Y;Fe,,B are shown g, ations are finite, except at the transition point. Conse-
in the inset of Fig. 2. FoH [|[001], Ry shows a sharp mini- quently, no large variations d®, are expected near such a
mum atT.. On the other hand, fad perpendicular to the point. This is howR behaves in TFe B (see Fig. 4
easy axis there is only a small riseRy at T.. Such behav- In addition to skew scattering, a nonclassical effect of a
ior through the Curie point has also been found fopR&,B  side-jumpAy at scattering can be important in the SHE.
(see Fig. 3'® It is alike in Tm,Fe,,B; however, the crystal- This mechanism, which also involves the spin-orbit interac-
lographic orientation of this sample does not allow a cleation, gives py;<p?(M). The variation ofRg with p for R
observatiort® In addition to the minimum aT,, R shows =Y and Nd is exhibited in Fig. 5. Here, the solid line shows
extra features near the spin-reorientation transition. Im p? dependence. Indeed, we find that the experimental data
Nd,Fe 4B, a dip inRg is encountered &k for HL[001]; Rs  follow this dependence quite closely. In the inset of Fig. 5,
drops slightly atTg in Tm,Fe,B in the configuration in theR, values at the lowest temperature measured are plotted
which H is nearly parallel to th¢100] axis (orientation J. against the values of residual resistivity in our samples. The
This is shown in Fig. 4. Away from the magnetic critical solid line shows a fit to a relatiorRg=bp? where b
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10 ¢ ' ' - - . ] whereug(0) andupe(0) are the zero-temperature moments
! m R,Fe,,B ] of R and Fe, respectivel\, is the Fe spinJ is the total
angular momentum of thefdelectronskg is the Boltzmann
. 0 v I f thefdel Kg is the Bol
o o8 1 constant, angkg is the Bohr magneton. The molecular fields
g 0.6 for the R and Fe moments are
G 0a "N
2 S0 o B0 80 Hr(T)=H+ 1dngeme(T), @
o P, (12 cm) u
: 1 = 0 m B i
e’ S H4S Nd ] Hee(T)=H+[14ngemee(T) + 2ngeme(T)]. ()
. - * Hlc v ] For Y,Fe B, nge=0. HereM(H,T) follows from the equi-
°© I ibrium condition =0. The spin-moment fluctuations
g Hllc libri ditiondE/d6#=0. Th i fl i
L L L L L L | . . _ 3
30 20 50 60 70 80 90 100 have been obtained from the relatigfMy—(My))>)

=(kgT)%(d°M /9H?)1. Values of the anisotropy constant
for R=Y were taken from Ref. 20. We used the same anisot-

FIG. 5. Anomalous Hall coefficierR; as a function of the total OPYy values as in Ref. 17 for N&e;,B. For Tm,Fe;,B, the
resistivity p for Y,Fe;,B and NgFe;,B single crystals. The solid corresponding values were taken from Ref. 13. However,
line shows gp? dependence. The inset exhibits a low-temperatureve did not find how they change with temperature. We as-
R, as a function of the residual resistivity fé,Fe B (R=Y, Nd, sumed a linear variation and thki{(T)=Kq(T)+K(T)
and T single crystals. +Ky(T)+K3(T)=0 at Ts. Values of 6<10° and of 1.1

x 10* for nge in R=Nd andR=Y and Tm compounds, re-
=0.04Q"tcm G L Interestingly, this value is nearly spectively, and of X 10 for nge give the best fit between
equal to the values df obtained from fittings discussed be- the calculated and the measured magnetization at saturating
low. Consequently, we believe it is meaningful although thefield in R,Fe B alloys studied. The free-ion moment was
number of data points is very small. Therefore, away fromused as the zero-temperature moment of Nd and Tm ions. We
critical points,p, in R,Fe B seems to be limited by side- assume a value of 2ud; for ug-(0) and a value of 1 for the
jump scattering as occurs in materials with lagge Fe spin®

Usually, a relatiorRs=ap-+bp? is satisfied between the Figure 3 exhibits the best fisolid and dashed linggo
SHE and the longitudinal resistivify. Following results of the spontaneous Hall coefficient in the high-temperature
Kondd® and Maranzandywe fit the relationRg=aMs/47wM  range for Y,Fe;,B and NgFe;,B in the two configurations
+bp?, where the skew component is expressed in terms oftudied. Our calculations reproduce very well the observed
spin fluctuations, to the experimental results. We have calcysronounced negative peak &t for H [|[001] in both com-
lated the magnetization and its fluctuations within a phenompounds. The low-temperature region is shown in Fig. 4 for
enological molecular-field model for an anisotropic Nd,Fe,B and TmFe ,B. Here, the calculateds (solid
ferromagnet’?® which has been outlined in Ref. 17. In this lines) are exhibited in the insets for the perpendicular
model, the anisotropy energfor tetragonal symmetpyis of  nearly perpendicularorientation in Nd(Tm) alloy. Lack of
the form ER =K,sirfo+Ksinto+Kssifo and ELE knowledge of the anisotropy constants for the .Iatter com-
=K,sir?0 for the rare-earth and Fe ion, respectivdly! Pound makes our calculations somewhat unreliable for it.
Here, K, Rz: Ra, and K, are temperature-dependent Nevertheless, they reproduce correctly the behavioRof

uniaxial-anisotropy constants, adds the angle between the ]'E.rtwom:gthhe_ SI(?Tbisosgfg’V g g13t5he |_01W8I’_I£]SGe_t10]; F'gB 4thOUI'
¢ axis and the magnetization vector. We assume thaRthe IS f.o St.y'e (;_'3 5><(1625 1)%>< 1ng Q ,50(;,30.
(mg) and Fe (nge) moments are collinear and that tReR configurations an@ = >. (L. ) Q2 cm n

- o - Y (Nd) compound forH parallel to thec axis; a=1
exchange is negligibl€ The total magnetic energy of 5 5 g . X
R,Fe,B per unit cell can be written X 10?° QO cm °G 2 in Nd,Fe B for perpendicular orienta-

tion. ;I'gese values are not far from the thezoretically predicted
ones:“" Berger has shown that#M b=ne“Ay/#k, where
B =487, 28857~ (4mg-+ 28Mee) - H— 56Ngempme, n and k areg the electron concentsration anstlj wave vector,
— 14N M Mee, (1)  respectively.’ Assumingn=3x10°> cm 2, one obtains the
length of the side-jumpAy=2x10"° cm, which is quite
where exchange-interaction coefficieftsmensionlessnge  close to the estimated one in ferromagnetic mateffalhis
andngr describe theR-Fe and Fe-Fe magnetic interactions, iS surprising, considering how rough our approximations are.
respectively. We assume thaik(T) andmg,(T) can be de-
scribed by a Brillouin function with a corresponding molecu- IV. CONCLUDING REMARKS
lar field for each component,

p (uQcm)

We have measured the resistivity and Hall effect of a
Ma(T) = Mr(0)B,[ 1sMg(0) - He(T)/KsT], ) R,Fe B (R=Y, Nd, and TrT) S|_ngle crystals as a functlon of
temperature and magnetic field. The overall behavior of
B these alloys is dominated by iron atoms although some inter-
Mee(T) =Mee(0)Bs_ [ usMre(0) - Hee(T)/kgT],  (3) esting features follow from the presence of rare-earth atoms.
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The low-temperature behavior of the magnetic resistivitythat the localized spin-charge carrier interaction is important
(pmagocTz) arises quite likely from the scattering of elec- therein. Following models in which the Hall resistivity and
trons by magnons that involve iron atoms and both rare-eartthe third moment of the spin fluctuations are proportional,
and iron atoms. A strong enhancement of the electrical resisand calculating the latter within a molecular-field approxima-
tivity in this temperature region can be attributed to spintion for an anisotropic ferromagnet, we can reproduce quite
fluctuations inR,Fe; 4B alloys which behave as nearly ferro- well the observed anomalies in the SHE coefficient. Away
magnetic materials. At high temperaturds<T.), the mag- from phase transition regions, the SHE seems to come from
netic resistivity saturates but the total resistivity increaseside-jump scattering, as it does in materials with large impu-
linearly with temperature owing to phonon scattering. Therity concentrations. Magnetization-dependent scattering
anomalous behavior gf just belowT. is most likely pro- mechanisms also seem important for the magnetoresistance
duced by strong lattice softening in this region. of R,Fe B alloys.

The low-field Hall resistivity shows large variations near
phase transition points. Such a behavior can be explained by
magnetization fluctuations which enhance skew scattering in
the critical regions of the spin reorientation and the This work was supported by Project MAT 99-1142 of
paramagnetic-ferromagnetic transitions. Our results showomisim Interministerial de Ciencia y TecnolagiCICYT).
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