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Anomalous transport properties of RFe,P;, (R= La, Ce, Pr, and Nd)
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We have investigated the resistivitp)(, thermoelectric powe(TEP), and Hall coefficient Ry) on high-
quality single crystals oRFe,P;,. TEP in CeFgP,, is extremely large £ 0.5 mV/K at 290 K with a peak of
~0.75 mV/K at around 65 K. The Hall mobility also shows a peak-&5 K, suggesting carriers with heavy
masses developed at lower temperatures related tbhiberidized band. Both Pr and Nd systems exhibit an
apparent increase @f with decreasing temperature far above their magnetic transition temperatures. In the
same temperature ranges, TEP exhibits unusually large absolute valueSOof.V/K for PrFeP;, and
—15 wVIK for NdFe,P;,, respectively. For Pri@;,, such anomalous transport properties suggest an un-
usual ground state, possibly related to the quadrupolar Kondo effect.

[. INTRODUCTION could be detected only in large RRR samples. The electrical
resistivity and Hall resistivity were measured by the ordinary
Recently, the rare-eartiRE) compoundsRT,P,, (T: Fe, dc four-probe method. The temperature was monitored by
Co, Ru, OsP: P, As, Sh with filled skutterudite structute®  calibrated two Ru@ and one platinum resistance thermom-
have attracted much attention, partly because of a potentigiters depending on temperature ranges between 0.5 and 295
practical application as thermoelectric materfalsAlso K. The calibration was made against a thin-film resistance
from the viewpoint of basic physics, a number of novel phe-temperature sens@Cernox resistor, Lake Shorealibrated
nomena, such as a metal-insulator transition and intermediatgainst the International Temperature scale of 199%-
valence, have been report&d. Torikachvili et al? have re-  90). In a supplemental cryostat used only above 1.5 K, a
ported a systematic study &Fe,P;, where they found a Au—0.07% Fe vs Chromel thermocouple was used as a tem-
variety of interesting properties depending on RE atoms—perature monitor. The thermoelectric power was measured
i.e., superconducting LafR,, below 4.2 K, insulating by the differential method using Au—0.07% Fe vs Chromel
CeFgP,,, antiferromagnetic Prg@,, below 6.4 K, and fer- thermocouples. The thermocouples were calibrated after ev-
romagnetic NdFgP,, below 1.9 K. A uranium analog ery cooling down at the boiling point ofHe in ambient
UFeP;, was also reported to be insulatifdzor a better pressure. The accuracy of the temperature measurement is
understanding of these novel phenomena, high-quality singless than 0.1 K at low temperatures, while it is a few K near
crystals are essential. We have recently succeeded in groweom temperaturRT). The voltage measurements were
ing high-qualityRFe,P;, single crystals that realized the first made by Keithley 182 nanovoltmeters. The magnetic mea-
de Haas—van AlphefdHvA) experiment? In this paper, we surements were made by a Quantum Design superconducting
report a first experimental studgxcept for our preliminary quantum interference devig€QUID) magnetometer up to
report in the SCES'98 proceediftdson the thermoelectric 5.5 T.
power and Hall effect oRFe Py, single crystals along with
the anomalous behaviors in the electrical resistivity.
Ill. RESULTS AND DISCUSSION

Il. EXPERIMENT A. Electrical resistivity

Single crystals were grown by the tin-flux methbdsing The temperature dependence of the electrical resistivity
99.99% Fe, La, Ce, and Pr, 99.9% Nd, 99.9999% P, ang(T) for LaFgP;, (not shown almost agrees with the result
99.999% Sn. The samples for transport measurements aie Ref. 2 except the orders of magnitude larger RRR in the
basically the same as were used for dHVA measurem@nts present work. The superconducting transition temperature
and both measurements were made on exactly the sanfés) estimated from the midpoint of the resistive transition is
samples for some compounds. Their Dingle temperature4.6 K with a transition width oA T~ 0.6 K. The highefTgin
were estimated to be 0.3-0.6 K, which ensures samples dhe p(T) measurement is not attributable to the reported en-
high quality. The high quality is also reflected in the largehancement of s with pressure in LaF;,,'? sinceTg esti-
residual resistance rati®RRR) of 1300 and 1000 for La and mated from a SQUID measurement under almost the same
Nd samples, respectively. The small RRR of13 for  sample condition is 4.17 K, in agreement with the previous
PrFeP,, at zero field does not indicate a low sample quality,report? The transition inp(T) may not be a bulk property,
since the Fermi surfacdS) changes acrosBy . The intrin-  but is plausibly the surface superconductivity as is occasion-
sic RRR of PrFgP;, was estimated to be-1000 from the ally observed in rare-earth superconductors. In fa€t;) for
resistivity at 0.3 K in high fields above the metamagneticLaFgP;, in Ref. 2 also shows a tendency to decrease at
transition. We found a meaningful correlation between thearound 7 K. Below 25 Kp is well described by (T)=pg
dHVA amplitude and the RRR; i.e., the dHVA oscillations + A;T2, with Ay;=(1.0-0.1)x10"> xQcmK 2. The

0163-1829/2000/622)/151256)/$15.00 PRB 62 15125 ©2000 The American Physical Society



15126 H. SATOet al. PRB 62

8()() T T T T T T T

[ 7
800 | L /]
I ] PrFe P, /l'
[ 00 J
600 | i ° p(T)exp . Oof
§ i D § g0l T204273exp(-68T)  fo
2 400 | Dos 2 L J
S , ] 2 /
[ ] 200 | i
200 | ; | j |
: PI‘FC4P12 0 L IS 1 1 1 1 1
oL . . ... RN | \ 0 1 2 3 4
1 10 100 T(K)
T (K)

FIG. 2. Comparison of the experimeni#IT) for PrFeP;, with
FIG. 1. Temperature dependence of the electrical resistivity fothe temperature dependence expected for the scattering with a gap
PrFgP;,. The inset shows the(T)’s on four different samples structure.
normalized at the peak, where the difference is only barely discern-

ible. =AT?exp(—AlkgT),’® p(T) below 3.2 K is well reproduced

) by usingA/kg=6.8 K as given in Fig. 2. This fact suggests
large Ao compared to the ordinary metals reflects a largeynat the scattering probability of conduction electrons reflects
contribution from the 8 band of Fe to the electronic density gome gap structure, probably in the magnon dispersion rela-
of states at the Fermi level, as was already indicated in thgqn although the agreement afkg=6.8 K with Ty, may
large specific heat coefficieft. be accidental. It should be noted that a bend was observed

_ Figure 1 shows the temperature dependence of the resigpar 2 K also in the temperature dependence of the specific
tivity for PrFe,P;,. The most remarkable difference iiT)  peat coefficient®

for PrFgP;, between ,the present work and Re_f. 2 is the sign p(T) for NdFePy, is in agreement with that in Ref. 2
of dp/dT above the Nel temperatureTy). In Fig. 1,p(T)  except for the low residual resistivity{1/20) in the present
increases almost logarithmically with decreasing temperaturgyperiment. Figure 3 shows the low-temperature part of
between 100 and 30 K, in contrast with the monotonic de-p(-r) for NdFe,P,, wheredp/dT is negative between-4
crease from RT down t@y in Ref. 2. The absolute value of ;n4 30 K. The negativedp/dT developing below~ 10
p(T) is slightly sample dependent in the present work due to. T _ is quite unusual for ferromagnetic materials. The mini-
the irregular shapes of the samples. Howey&f)’s nor-  jym should be intrinsic, since it has been reproducibly ob-
malized at the peak for four samples from different batchegepyed in samples with large RRR values. Below a sharp
lie almost on a single curve as shown in the inset of Fig. 1drop atTe~2 K, the exponentN in p(T)=po+A,TN is

The negativedp/dT is reminiscent of the Kondo effect that ¢jose to 4 as shown in the inset. The exponent, twice as large
has been frequently observed in Ce and U compounds. Fjsn=2 expected for simple magnon scattering, is well cor-
Pr compounds, Pr3riRef. 14 and PrinAg (Ref. 15 arethe  (g|ated with theT® dependence of the specific heat reported
quite rare examples exhibiting the Kondo behaviors. A noy, Ref. 2 (in contrast with theT®2 dependence expected for
table feature of Pri®,, compared to these two compounds gjmp|e ferromagneis Such large exponents for both the re-
is a large magnitude of the logarithmic increasep{T). A gistivity and specific heat could be consistently understSod,

large C./T value (>1 J/mol K¥) reported at low tempera- it the magnon dispersion relation fsw>q rather tharv e
tures in the high-field paramagnetic stéténdicating the 42

existence of mass-enhanced electrons, is another sign of the F.igure 4 showsp(T) in CeFgP,, for four different

Kondo effect in PrEgP;,. If the logarithmic increase in  gamples. The resistivity change between RT and the lowest
p(T) is ascribed to the Kondo scattering, the Kondo tem-emperature in the present experiment is about five orders of

peratureTy should be~100 K. TheT value is in conflict  pagnitude smaller than that in Ref. 2. It should be noted
with the Weiss temperatureg) of a few K, which provides

a measure ofTy for heavy fermion compounds, though 40
Kondo scattering associated with higher crystal field levels
could not be ruled out as an origin of such an enhancement
of Ty in p(T).Y” The origin of the logarithmic increase 30
is an attractive subject for further investigations.

With decreasing temperaturg,shows a sharp upturn at
6.7 K followed by a peak around 5.4 K. The general features
agree with the result in Ref. 2, although the rafRR
=p(7.5K)/p(0.5K)=12-20 in the present experiment
shows a sharp contrast witRR<1 in Ref. 2. A notable
feature in Fig. 1 is an abrupt change in slopg(f) curves 0
at ~2 K, which was already found on one of the samples in
Ref. 2. A sudden increase p(T) abow 2 K suggests some
gap structure in the scattering probability. Tentatively as- FIG. 3. Temperature dependence of resistivity for Nde.
suming a resistivity component with the fornpg  The inset shows thg vs T# plot.
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FIG. 4. Temperature dependence of resistivity for four different
CeFgP,, samples. The inset shows the loys T~ plot for No.

4, 8)
E
again that dHvA signals with large effective masses have =
been detected in La-, Pr-, and Nd,Pg, (Refs. 10 and 20 =
grown by the same procedure as described above, ensuring o
the quality of the bulk part of the samples. We thus infer that
the effect of impurity doping on the bulk part of the samples , , ,
might be less in the present work. Taking into account these 100 200
facts, some shortening effect by small size grains of Sn in- T &)

evitably embedded in the sample is the most probable origin FIG. 5. Temperature dependence of the Hall coefficianfor
for such a difference ip(T) between the two works. We | .. pr. and Nd-FgP;, and (b) for CeFgPy,.

have tried to reduce the embedded Sn grains by following
two approacheq(l) repeatedly slicing and etching a sample
in acid to dissolve Sn an@®) selecting samples from differ-
ent crystals from different batches. From the Meissner dia- Figure 5 shows the temperature dependence of the Hall
magnetic contribution to the low-field magnetic susceptibil-coefficient Ry, for (a) La-, Pr-, and Nd-FgP;, and (b)
ity, we have found the amount of Sn to vary fronl to less CeFa@Py,. At RT, Ry is ~1.5x10 ° m*/C for both La-
than 0.01 vol %. However, despite the large variation in theand Nd-FgPy,, and ~1.3x107° m*/C for PrFgP;,. The
Sn content, only a minor change i\p/p,g k=(p1s «  Hall coefficient in magnetic systems is usually expressed as a
— pago KW/ paso K Was observed. Note that a large Samp|e_to_combination of the normal Hall coefficierRy, resulting
sample variation in the conducting behavior in Cgewas  from the Lorentz motion of conduction electrons and the
already reported in Refs. 3 and 21, although (&) curve  extraordinary ondRe, caused by magnetic scattering of con-
was shown only for a single sample. It should be also note@uction electronsRy=Ryjo+ Rey.>>"?° The positiveRy; at
that the resistivity at RT in the present work is slightly larger RT, whereRy,q dominates, is consistent with the band struc-
than that estimated in Ref. 21. ture calculation for LaFg>;, predicting two-hole-like Fermi
The temperature dependencegoin Fig. 4 indicates the sheets® The weak temperature dependence Ry for
existence of three characteristic temperature ranges,Ti.e., LaFePy,, including a peak at 25 K, can be understood as
>230 K, 230 K>T>50 K, andT<50 K. The energy gap due to the temperature dependence of the anisotropy in the
of 1250 K estimated from the(T) data above 250 K is relaxation timer(k).?” As shown in the inset of Fig.(8), the
almost sample independent. The value is close to the rechange iRy below Ty for PrFgP;, is more than two orders
ported value of 1500 K in Ref. 3 which was estimated in theof magnitude larger than that aboVg, which also indicates
temperature range 85 KT <140 K. These values are about @ FS reconstruction associated with the antiferromagnetic su-
1/3 of the gap(=0.34 eV} estimated by the band structure perzone gap formatiorR,(T) becomes almost temperature
calculation within the local-density approximati&nTaking — independent below 2 K, which also suggests some gap struc-
into account the fact that a recent optical experiment als¢ure described above in correlation with the anomalies in
gives a smaller gap of 0.15 €/ the disagreement may be p(T) and the specific heat.
ascribed to a local-density approximation that tends to over- At temperatures higher than Kondo temperafdré,Re,
estimate the band gap%p(T) depends only slightly on tem- in the dense Kondo compounds has been well described by
perature from 230 K te-50 K below which it shows a sharp the skew scattering mechanism Bg,= yxredX pm, USING
upturn. The upturn below 50 K, which is hardly explainablethe reduced magnetic susceptibility.q, the magnetic part
if the shortening effect of metallic Sn grains dominates theof the resistivityp,,, and a parametey depending on the
conduction, is probably an intrinsic behaviorg(fT). Atthis ~ phase shift associated with the Kondo scattering. To test the
stage, we cannot give any conclusive remark on the origin ofmodel,Ry is compared witiM X p calculated from the mag-
the difference irp(T) behaviors in the two works. However, netization at 0.1 T and zero-field resistivity for P5Pg, as a
it might be worthwhile to report the first Hall effect and function of temperature in Fig.(8). HereRy(T) is qualita-
thermoelectric power experiments on Cgfg, since the tively reproduced by th& X p curves abovd . In contrast,
main characteristics are reproducible. the experimental curve for Ndf®e,, is hardly reproduced

B. Hall effect
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f - .ot AT B Figure 8a) shows the temperature dependence of TE_P for
S o-R 1 & La, Pr, a_nd Nd compounds. TEP for LaPe, decrease_s W|_th
o H 4 & decreasing from ~9 wVI/K at 290 K, and changes its sign
- NdFe P g below 18 K after showing a minimum near 200 K and a
o ' . O maximum near 100 K. The relatively large absolute value at
0 5 10 15 20 RT compared to simple metals is ascribable to the large con-
T(K) tribution from the &1 band of Fe at the Fermi surfaé®?® A

delicate combination of the diffusion and the phonon drag
contributions might lead to such a compl&dependence.
TEP for NdFgP;, is almost indistinguishable with that of
LaFeP;, above 220 K, suggesting a localized nature &f 4
over the wide temperature range, even if the temperaturglectrons in this system. At lower temperatures, TEP devi-
dependence dRy, is taken into account. This fact suggests ates from that for LaFR¢;, downward and changes its sign at
that the skew scattering contribution is small at high tem-around 85 K. At the lowest temperature, it approaches zero
peratures. Thus, the comparison betw&nandM Xp is  after showing a minimum of~15 wV/K which is quite
shown in Fig. 6b) only nearT., where the extraordinary large as a localizedtelectron material. The coincidence of
Hall resistivity RsM is expected to become larg@&rThe  the minimum temperature~<30 K) with that for thep(T)
positive peak is well reproduced as a combined effect ominimum suggests that these minima originate from the
growingM and decreasing below T, though the peak for Same conduction-electron scattering with a characteristic en-
Ry is broader and shifted to higher temperatures. The disergy scale of~30 K. . _
agreement could be partly ascribed to the higher applied field TEP for PrFeP;, shows largely different behaviors. Even

FIG. 6. Comparison of experimentRl, with the skew scatter-
ing contribution~Mp. (a) for PrFgP;, and(b) for NdFeg,P;,.

of 1 T in the R, measurement. at 290 K, the magnitude is about twice as large as that in
For CeFgP,,, despite the clear difference in th&T) 50 : :
curves,Ry(T)’s for the two different sample@Nos. 1 and 2 Pr

are basically same including the absolute values, suggesting
the overall feature oRy to be a bulk property. Correspond-
ing to the hump inp(T), a change in the slope d&,(T)
exists around 220 K. A notable feature in Figbgis a sharp
drop of R, below a peak at-25 K in correlation with the
low-temperature upturn ip(T). Below RT, the sign is al- -100 f ]
ways positive, suggesting higher mobility carriers in the top Pr REFe,P,

valence band. Of course, the existence of acceptor-type im- @

S(UV/K)

purities could not be ruled out at this stage. Assuming the S —————
single-carrier model, the concentration of carriers is esti- L ) i
mated to be X102 holes/f.u. at RT, X 10 * holes/f.u. at 0.6F ,"‘N
25 K (peak inRy), and 4<10™“ holes/f.u. at 2 K. = L 4 x
The combination of decreasirgy and increasing(T) § 04F  CeFerp i
with decreasing leads to a decrease of Hall mobility below § L h J
25 K based on the single-carrier model as shown in Fig. 7. 0.2F S .
The Hall mobility at RT is about an order of magnitude L M (by |
smaller than that in Si’ The decrease in Hall mobility above 0 it el .
~150 K with increasingr follows a T~ %2 dependence, sug- 10 T 100

gesting the dominant acoustic phonon scattering as expected
for ordinary semiconductof$.Note the apparent peak inthe  FIG. 8. Temperature dependence of thermoelectric péaydor
Hall mobility observed around 65 K. La-, Pr-, and Nd-FgP;, and (b) for CeFgP;y,.
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LaFeP,,, and decreases with decreasifigBelow a sign ~220 K. The positive sign of TEP as well &, at high
change near 70 K, it drastically decreases Witlshowing a  temperatures is consistent with the band structure
bend neaily . After exhibiting a large minimum near 3 K, it calculation?® The top valence bands are dominated by the
approaches to QV/K at the lowest temperature. The sharp hybridized Fe 8 and P 3 states with a moderate disper-
drop belowTy could be ascribed to the FS reconstruction.sion, while the lowest conduction bands are dominated by
However, the large magnitude~G0 wV/K)above Ty is  the narrow spin-orbit-split Ce f4bands. Namely, the effec-

quite unusual. tive mass for the electrons in thef-@lominated bands is
The diffusion thermoelectric power is represented by arpparently heavier than that for the holes in the valence
energy derivative of conductivity(e) as® bands, which leads to the positive TEP dg in the intrin-
sic regime.

S=—(m?kgT/3e0){do(s)/de}, .

The origins of the energy dependencecdfc) could be V. CONCLUSIONS
further classified into two factors; carrier numbers and scat- All the transport properties of Ceffe,, show unusual
tering probability. In the high-mobility semiconductors temperature dependence below RT: the complex temperature
where the former factor is huge, a large value of TEP coulddependence of resistivity unexpected for a simple single-gap
be expected at low temperatures. It is not applicable taemiconductor, the huge thermoelectric power abed® K
PrFgPy,, since we already know the existence of ratherwith a maximum value of 0.76 mV/K, the sharp decrease of
large FS’s in PrEgP;, from dHVA experiment$? Even in  both TEP, and the carrier mobility below a peak around 65
the transition metals and alloys with a large electronic denK. All these features might be related to thé-dlectron hy-
sity of states near the Fermi energy, a large diffusion TERridization associated with the filled skutterudite structure as
has been reported only at high temperatdtda. fact, this is ~ was already pointed out based on the electrical resistivity and
the case for TEP in LaRgP;,. Such a large magnitude of optical measurements.

TEP in metals with a large FS has been reported only for The most remarkable finding was made on RFge All
Kondo systems where a large energy-dependent scatteringe transport propertig®(T), Ry(T), andS(T) indicate the
process is essentidll®? If we assume # electrons to be well strong possibility of Kondo-like scattering. The ordinary
localized in PrFgP;,, the difference compared to the La and magnetic Kondo effect may not be its origin. In order to
Nd compounds should be ascribed only to the electron scatlarify the origin, further investigations such as neutron scat-
tering by the localized # electrons. Then, we can hardly tering and ultrasonic experiments are in progress.

expect such a large magnitude of TEP at low temperatures The negativedp/dT aboveT. in NdFegP;, has a mag-
and a difference in TEP at RT compared to Lgffg. The  netic origin, which might be related to an unusual dispersion
small sample size could lead to a large error in TEP; howof the magnon spectrum inferred from the temperature de-
ever, we confirmed the contribution to be minor in thependence of the resistivity and the specific heat belgw
present case from independent measurements on different
samples.

Figure 8b) shows the T dependence of TEP for
CeFgP;,, where the huge value of TEP should be noted. At The authors are grateful to thank Professor Y. Onuki, Pro-
around 65 K, TEP exhibits a broad peak-90.76 mV/K and fessor H. Harima, and Professor O. Sakai for helpful discus-
sharply decreases below 50 K whex@) shows an apparent sions. This work was partly supported by a Grant-in-Aid for
increase after a plateau. The temperature dependence is wedientific Research from the Ministry of Education, Science,
above 100 K, except a small but an apparent anomaly dbports and Culture of Japan.
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