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Evidence of quadrupolar scattering in the anisotropic electrical magnetoresistivity of PrNi,
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The temperature and magnetic-field dependences of the electrical resistivity measured on a single crys-
tal of the Van Vleck paramagnetic PrNi5 exhibit an anisotropic behavior. The inAuence of the spin-
disorder scattering as well as the quadrupolar scattering of conduction electrons by the 4f shell must be
taken into account to explain the experimental results. In particular, a quadrupolar contribution plays
an important role in the observed anisotropy.

I. INTRODUCTION

It is well known that the 4f electrons of rare-earth ions
having I.WO carry not only a magnetic dipolar, but also a
quadrupolar moment. This can give rise to an additional
contribution to the conventional part of the electrical
resistivity, which is expected to be anisotropic as a result
of the aspherical 4f charge distribution. Initially, this
quadrupolar contribution was studied in cubic noble met-
als containing rare-earth impurities. ' An anisotropic
behavior of the electrical magnetoresistivity of polycrys-
talline samples was observed through the inAuence of the
magnetic-field orientation with respect to the electrical-
current orientation on the resistivity (so-called longitudi-
nal and transverse magnetoresistivity). Later, in the fer-
romagnetic PrA12 cubic compound a "spontaneous an-
isotropy" of the electrical resistivity below the transition
temperature T, associated with a symmetry lowering has
been observed. In this case the anisotropic quadrupolar
scattering was smaller than the isotropic one. Thus one
can also expect for systems with axial symmetry, where
there exists a spontaneous aspherical distribution of 4f
charges, a noticeable inAuence of the anisotropic quadru-
polar contribution to the magnetoresistivity.

To our knowledge few experiments have been devoted
to this situation. Therefore, we have undertaken magne-
toresistivity measurements on a system with hexagonal
symmetry, namely, PrNi5.

PrNi5 is a very interesting system which has been ex-
tensively studied. Although bilinear exchange interac-
tions are present, they are undercritical to induce a 4f
magnetic order in this system because of the existence of
a crystalline electrical-field (CEF) singlet ground state. '

The previous experiments showed that all the properties
of PrNi~ are strongly influenced by CEF. The tempera-

ture dependence of the electrical resistivity of a PrNi5
polycrystalline sample has been measured at low temper-
atures, and the experimental results could be satisfactori-
ly fitted up to 15 K by the spin-disorder resistivity (SDR)
model. ' However, this model has given only a qualita-
tive explanation of the electrical magnetoresistivity
dependences obtained on this sample under magnetic
fields up to 7 T.

On the other hand, the magnetic properties of the
PrNi& compound are quite well understood. The
inAuence of the quadrupolar moment on the magnetic
and magnetoelastic properties allowed us to determine
the magnetoelastic coe%cients and total quadrupolar
coefficients G and 6', leading to the experimental evi-
dence of antiferroquadrupolar interactions between rare-
earth ions.

More recently, direct measurement of the anisotropic
Zeeman splitting of the CEF levels, in magnetic fields up
to 22 T, has been performed by point-contact spectrosco-
py. The interpretation of the experiment led to a slight
adjustment of the CEF parameters so that they account
better for the position of the first excited CEF level ob-
served by this technique in a magnetic field.

In order to study the possible anisotropy of the electri-
cal magnetoresistivity on a single crystal of PrNi5, we
have measured the temperature and magnetic-field depen-
dences of the electrical resistivity along the main crystal-
lographic directions. After a brief description of the ex-
perimental techniques in Sec. II, we present in Sec. III
the experimental measurements performed. Finally, Sec.
IV is devoted to the analysis and discussion of the results.

II. EXPERIMENTAL TECHNIQUES

The measurements presented in this paper were per-
formed on several single crystals of PrNi5 and LaNi5
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compounds, which were prepared by the Czochralski
method in an induction furnace. For each compound a
unique ingot has been subsequently spark cut in order to
obtain three parallelepipeds with their sides perpendicu-
lar to the a, b, and c axes of the orthohexagonal cell, re-
spectively. The typical dimensions of samples were
6X1.5X1.5 mm .

The electrical resistivity in zero magnetic field was
measured by an alternating-current four-probe method in
the temperature range 1.5 —300 K at the Laboratoire
Louis Neel.

The measurements in magnetic fields, up to 22 T, were
performed for different temperatures between 1.5 and 25
K in a Bitter coil at the Service National des Champs
Intenses-Max Planck Institut of Grenoble. Here the elec-
trical magnetoresistivity was measured by a standard
four-terminal dc method. We measured longitudinal as
well as transverse magnetoresistivity. "Longitudinal"
means that the current and magnetic field are parallel.
"Transverse" means that the electrical current and mag-
netic field are perpendicular. The residual resistivity ra-
tios were about 10 for all samples.

III. EXPERIMENTAL RESULTS

The temperature dependences of the zero-field resistivi-
ty of PrNi5 and LaNi& compounds are shown in Fig. 1 in
the temperature range 1.5 —300 K. One can see clearly
the anisotropic behavior; in particular, the magnitude of
the electrical resistivity along the c axis is lower than in
the basal plane for both hexagonal compounds. The

values of the residual resistivity po are 4.70, 4.54, and
2.85 pQcm for PrNi5 and 3.80, 3.95, and 2.29 pAcm for
LaNi& along the a, b, and c axes, respectively. This an-
isotropy can be directly associated with that of the Fermi
surface. It has been shown' that the ratio of the residual
resistivities can be written as

Poa ds,

—[pL,N; (T)—p„,N;~(1. 5 K)] .

Poc dS,E

where dS„ is the projection of the Fermi surface onE
the plane perpendicular to the u-axis. This ratio is about
1.7 for both PrNi5 and LaNi~, showing that we can ex-
pect similar Fermi surfaces for both compounds sys-
tems. '

From the LaNi5 resistivity we have determined the De-
bye temperature OD—=230 K. However, although the
largest anisotropic contribution to the total electrical
resistivity of the PrNi~ compound comes from electron-
phonon scattering, there is also another one which comes
from the magnetic part of electrical resistivity. This ex™
plains the shoulder in the low-temperature region for
PrNi5 for the a, b, and c axes. In order to derive this
latter contribution, we have subtracted the residual and
phonon resistivities from the total resistivity of PrNi5; the
phonon part can be taken with very good approximation
as equal to that of LaNi5, and therefore,

p, (T)=[pp N; (T)—pp„N; (1.5 K)]
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The corresponding magnetic resistivities are shown in
Fig. 2. In this picture we can see that the contributions
along the a and b axes are larger than along c by about a
factor 3. Note that this ratio is only approximative be-
cause it results from small differences between large resis-
tivity values. The largest slopes take place in the temper-
ature range 10—20 K, the maximum of the thermal
derivative dp /dT of the magnetic resistivity p occur-
ring about 12 K for all directions. Note that at 40 K
about 85% of the saturated value at 300 K is reached.
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FIG. 1. Temperature dependences of the electrical resistivity
of PrNi& and LaNi5 in zero magnetic field.

FIG. 2. Temperature dependences of the magnetic contribu-
tion p to the resistivity of PrNi5.
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FIG. 3. Magnetic-field dependence of the electrical resistivity

[p(H, T) —p(O, T)]/p(O, T) when the current I and magnetic
field H are parallel to the a axis (longitudinal a) at 1.5, 4.2, and
25 K.

FIG. 5. Magnetic-field dependence of the electrical resistivity
[p(H, T)—p(0, T) ]/p(0, T) when the current I and magnetic
field H are parallel to the c axis (longitudinal c) at 4.2, 10, and
25 K.

In Figs. 3 —5 we present the most characteristic results
for longitudinal and transverse magnetoresistivities. The
common feature for all the experimental data is that
b p Ip = [p(H, T) —p(0, T) ] Ip(0, T) increases with the
magnetic field and decreases when the temperature T in-
creases between 10 and 16 K, in agreement with the mea-
surements on the polycrystalline sample. Moreover, we
do not observed any indication at T= 1.5 K and up to 22
T for the effect of a crossover (metamagnetic transition)
(Ref. 11) between the ground state and first excited CEF
level along the a direction, which is a certain
confirmation of the CEF-level scheme of PrNi5 deter-
mined by point-contact-spectroscopy measurements in

Pr Nj5

Illa Hllc

high magnetic fields. Furthermore, all the dependences
are proportional to H' with 1.4~n ~2. From Figs. 3
and 4 it is shown that Ap/p, when the current I is along
the a axis (and also along the b axis), increases with tem-
perature from 1.5 to 4.2 K and then starts to decrease,
this variation being larger in the longitudinal case than in
the transverse one when the current is along a. Never-
theless, in the longitudinal case with Ijjc (see Fig. 5), this
increase occurs at least up to 10 K. The small minimum
which appears at 1.5 and 4.2 K in the longitudinal case
with Ijja (see Fig. 3) is not yet understood.

IV. ANALYSIS AND DISCUSSION

Because PrNi5 is paramagnetic, it is essential to start
the analysis by using the SDR model, ' which takes into
account the scattering of conduction electrons by the
disordered magnetic moments of Pr ions. The resulting
resistivity can be expressed in the following compact
form' for the current parallel to a unit vector u:
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where K" is a normalization factor common to all contri-
butions to the resistivity, KsDR contains the exchange
coupling parameter between conduction and 4f electrons,
and gJ is the Lande factor. The trace is taken over the
different states of the system, and the symmetrical ma-
trices I'; and Q,&

are defined as follows:

exp( E; Ikii T)— 2
P, = (4)g exp( E„/kii T) 1+exp—[(E, E)/kii T]—

H (T)

FIG. 4. Magnetic-field dependence of the electrical resistivity
[p(H, T) —p(0, T) ]/p(0, T) when the current I is parallel to the a
axis and the magnetic field H is parallel to the c axis (transverse
a) at 4.2, 10, and 25 K.

where the first factor gives the population of the ith ener-

gy state and the second represents integrated Fermi fac-
tors. The indexes run over all the energy states obtained
by diagonalizing the Hamiltonian & (see below). The
second matrix
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0;, = I & i
I J. Ij & I'+-,'

I & i
I J+ Ij &'+-,'

I & i
I
J Ij & I'

contains matrix elements of the total angular momentum
J between the states

I
i ) and

Ij ) of the system. This
model can give rise to an anisotropy of the magnetic
resistivity in zero field only through the dependence of
E", which is related to the band structure. Moreover, an
additional anisotropy must occur according to the direc-
tion of the applied field, through the anisotropic splitting
of the CEF states by the Zeeman term. The relevant
Hamiltonian describing the magnetic properties of the 4f
shell may be writ ten using the equivalent-operator
method as

%'cEF+—&D+&g .

In this expression,

~CEF +202+~404 +6 6++6 6

is the CEF Hamiltonian for hexagonal symmetry with the
Stevens equivalent operators OI and the CEF parameters
B& . ' Within the molecular-field approximation„ the.
second term in Eq. (6),
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gj'D = —p~gJ(H+Ap~gj& J) ) J,
includes the Zeeman coupling and the isotropic bilinear
Heisenberg-type exchange interaction. In this expres-
sion, J is the total angular momentuxn and A, is the
molecular-field parameter acting on the Pr + ion correct-
ed for the demagnetizating field and for the nickel contri-
bution. Finally, the last term, the two-ion quadrupolar
Hamiltonian, can be written as

&g= —G "&0~ )02 —G'&0 )0
where 6 and 6' are the total quadrupolar coeScients.
For our analysis we have used data gi.ven in Ref. 9, narne-
ly, B2=5.84 K, Bq~=5. 199X10 K, B6=8.007X10
K, B6 =3.098 X 10 K, 6 = —10 mK, 6'= —20 mK,
and 1=3.5 T/pz.

The diagonalization of the Hamiltonian is carried out
in a self-consistent manner. Using the SDR model, we
are able to approximately describe our measurements in
zero magnetic field only if E" is 3 times less along c than
along a and b (see Fig. 2). In Fig. 6 we compare the ex-
perimental data with the calculated variations of
dp IdT. It is worth noting that the experimental maxi-
ma are observed at 12 K, whereas they are calculated at
14 K.

In order to emphasize the anisotropic contribution to
the magnetoresistivity, we have reported in Fig. 7 the
diA'erence p~t(H, T) pi(H, T), where —

p~~ (pi) is the resis-
tivity when magnetic field is parallel (perpendicular) to
the current direction for the four conditions indicated in
the figure caption. As shown by the calculated variations
reported in Fig. 7, the SDR model, with the set of param-
eters determined above, is not able to explain, even quali-
tatively, the observed behaviors. Therefore, in the same
way as quadrupolar interactions were introduced to de-
scribe the magnetic properties, a quadrupolar contribu-
tion to the resistivity must be considered in order to gi.ve
a better account of the observed data.

FIG. 6. Experimental and calculated temperature depen-
dence of the derivative dp /dT in zero magnetic field. Solid
lines are the variations calculated with the SDR model for
E'=0.9, E"=1, and E'=0.33.

pg =K "a~ g ( —l)gKgl & 0 g(J;u)Og(J;u) ) ii,
Q

—&0' g(J;u))&Og(J;u))],

(10)

where E" is the same as in Eq. (3), aJ is the Stevens mul-
tiplicative factor for the quadrupolar operators, & A ) is
the usual thermal average, and & AB ) ii, is the weighted
thermal average defined by

(E; E, ) Ik~T—
1 —expl (E, E, ) Ik~ T]—

x&il&lj&& jl&li & .

& wa& =—ge
I)J

I
i ) and

Ij ) are the states defined before and Z is the par-
tition function. The Og(J;u)'s are the spherical opera-
tors of rank 2, which are linear combinations of the usual
Stevens equivalent operators Oz, Oz, ... . The notation
used here emphasizes the fact that quadrupolar operators
are quantized along the u direction of the current. Final-
ly, the E& 's are complicated combinations of 3j
coe%cients and radial integrals, which involve the char-
acter of the conduction electrons (Kg =K g) and in-

The theoretical model that we use has been extensively
developed by Sablik and Levy' (and references therein).
In this model the scattering mechanism comes mainly
from the direct Coulomb scattering of conduction elec-
trons by 4f aspherical charge distribution, and the
quadrupole-disorder contribution to the resistivity is
given as
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FIG. 7. Experimental and calculated magnetic field depen-
dences at 4.2 K of (1) p~~(I~~a, H(~a )

—p~(I~)a, H~~c ), (2)

pii(lllb, H lib ) pi(lllb, HIlc ), (3) pii(IIIc, Hllc )
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pll(lllc, Hl c )
—p, (lllc, Hlla ). Solid lines are the variations calcu-

lated with the SDR model for K'=0.9, K"=1,and K'=0.33.

FIG. 9. Experimental and calculated field dependences at 4.2
K of p~~(H, T) —p, (H, T). The labels used here are the same as
those of the caption of Fig. 7. Solid lines are the variations cal-
culated taking into account spin- and quadrupole-disorder con-
tributions.

0.15

PrNi

H =OT o a
+ b

C

0. 1

elude direct as well as exchange Coulomb contributions,
the former one being predominant. ' '

This model [Eqs. (3) and (10)j has been used simultane-
ously to explain the thermal variations of p and field
dependences of p~~(H, T) pt(H, T) —at different tempera-
tures. The best fit has been obtained with the following
set of parameters: +'=0.95, Q = ], +'=0.65,
+sDR = 1.6 pQ cm Ko =0.2 pA cm, E, =4.7 pQ cm,
K2=5.9 pAcm, G = —35 mK.

We have used G = —35 mK in order to reduce the
shift in temperature of the maximum of dp /dT. As
shown in Figs. 8 —10, these parameters improve notice-
ably all the fits. In particular, they account quite well for
the measurements performed when the direction of the
current is along the a and b axes. However, in the case of
the c direction, these parameters describe only qualita-
tively the observed behaviors. From this analysis, the fol-
lowing features are noteworthy.

(i) Both spin-disorder as well as quadrupolar contribu-
tions to the resistivity are present. A similar result was
obtained in RCuzSiz compounds (R =rare earth), by com-
parison of resistivity measurements as functions of tem-
perature, using spin only scattering of the Gd compound
and the de Gennes factor as a guideline. '

(ii) The anisotropy of the electrical magnetoresistivity
results in part from the anisotropy of the band structure

PrNi
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FIG. 8. Experimental and calculated thermal derivatives
dp /dT in zero magnetic field. Solid lines are the variations
calculated taking into account spin and quadrupole-disorder
contributions.

FIG. 10. Experimental and calculated field dependences at 25
K of p~~(H, T) —p, (H, T) for the labels (1) and (4) of the captio~
of Fig. 7. Solid lines are the variations calculated taking into
account spin- and quadrupole-disorder contributions.
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through the K" coe%cients. Note that the deduced
K'/K' ratio is close to po, /po„which seems to be sup-
ported by the former assertion.

(iii) From our tits we have found that the quadrupolar
parameter Ko is one order of magnitude smaller than the
other ones, E& and K2. This means that the quadrupolar
scattering itself is anisotropic (isotropy is obtained for
KO=K, =E~).

(iv) Finally, from the relative proportion of KsDa and
E&'s, it turns out that the quadrupolar-disorder contribu-
tion to the total magnetic resistivity is about 5 times
larger than the spin-disorder one. This fact shows that
the quadrupolar scattering is the dominating one in
PrNi5.

In order to get a better knowledge of the anisotropy of
the band structure, it would be worthwhile to perform de
Haas —van Alphen experiments on these compounds. As
well, it could be interesting to perform other types of
transport measurements, such as thermal conductivity, in
order to further investigate the inhuence of anisotropic
quadrupolar scattering.
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