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The Hall effect in LuN;B,C and YNiB,C borocarbides has been investigated in normal and superconduct-
ing mixed states. The Hall resistivipy, for both compounds is negative in the normal as well as in the mixed
state and has no sign reversal bel®wtypical for high-T. superconductordn the mixed stat¢he behavior of
both systems is quite similar. The scaling relat,ht;@fvpfX (pxx is the longitudinal resistivitywas found with
B=2.0and 2.1 for annealed Lu- and Y-based compounds, respectively. The scaling expdeergases with
increasing degree of disorder and can be varied by annealing. This is attributed to a variation of the strength of
flux pinning. In the normal stateweakly temperature dependent Hall coefficients were observed for both
compounds. A distinct nonlinearity in thg,, dependence on field was found for LUNjB,C in the normal
state below 40 K, accompanied by a large magnetoresisti@iBg reaching+90% for H=160 kOe atT
=20 K. At the same time for YNB,C only linearp,,(H) dependences were observed in the normal state with
an approximately three times lower MR value. This difference in the normal-state behavior of the very similar
Lu- and Y-based borocarbides seems to be connected with the difference in the topology of the Fermi surface
of these compound$S0163-182@09)11221-9

. INTRODUCTION although this compound is very similar to Ly®,C. The
reason for the difference in the behavior of these two boro-
Investigation of the Hall effect in the normal and super-carbides is still unclear.
conducting mixed states gives important information about To our knowledge, no data on the Hall effect for
the electronic structure and the vortex dynamics of the invesy N, B,C and only few for some other borocarbides are
tigated materials. The nature of both of them is not settleq.,;wn so fart>-18Namely, normal-state Hall coefficient,

yet. for thi supercondul?;[ing quatﬁrn?ry r?orok(]:arbide%ere found to be negative and only weakly temperature de-
RNi;B,C (R=Y, rare earth."" Despite the fact that the bo- Jiendent for polycrystalline borocarbides based on

rocarbides have a strongly anisotropic, layered tetragon 16-17 v1 1517 1 - 15 17 :
crystal structure, their electronic properties indicate three diR= Y Ho,™""La,™ and Gd." A negative but strongly
mensionality showing only a little anisotropy® Borocar- temperature-dependent Hall coefficient was found for the

bides based on magnetic rare earths show a wide range Bgavy-fermion-like compound YbpB,C.' No sign reversal
competing effects between superconductivity and magneof the Hall resistivityp,, in the mixed state typical for high-
tism; see, e.g., Ref. 10. One of the interesting features ofc superconductors was observed in YB4C,*® prepared
some borocarbidesR=Er, Lu, Y) is the vortex latticgVL) under high pressure. The mixed state Hall effect was not yet
with unusual square symmetfy!* observed in the mixed systematically studied for borocarbides. Since the mixed
state for magnetic fieldd directed along tetragonalaxis at  state Hall effect may depend on the peculiarities of the vor-
H=1 kOe. Square symmetry of VL can be connettdd tex lattice, it is of interest to investigate it for Lupi,C and
with the anisotropy of the upper critical magnetic field YNi,B,C with an anomalous square VL. Also it is interest-
He,(T) observed in theab plane for LUNyB,C*° Practi-  ing to compare the results on the Hall effect in the normal
cally no anisotropy ofH (T) was found for YNiB,C®®  and in the mixed states for Lu- and Y-based borocarbides,
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having substantially different types of anisotropy of the up-(8=1.7). The same relationship was also found for several
per critical field. types of highT, superconductors: YBCO single crystal8 (
The Hall effect in the superconducting mixed state, which~1.7)** BSCCO (B~2)2? TBCCO (8~2)2** LCCO
was studied up to now mainly for highs superconductors, (B~0.8)2° (YBCO/PBCO superlattices $~1.7) % |n a
has recently attracted a considerable attention and should lpecent investigation of superconducting indium thin films
described in more detail. The magnetic field penetrates into scaling with 8 value 2—3 was observéd. Theoretically,
type-1l superconductor by quantum vortices. In a transporDorsey and Fishé&? (DF) have interpreted the observed be-
current the flux lines experience the Lorentz force density havior in the framework of glassy scaling near a vortex-glass
transition. In their model, assuming the existence of a vortex-
glass transition in a three-dimensional vortex system, the re-
gion where scaling behavior should be observed is restricted
to a narrow region near the vortex-glass transition. However,
wherej is the transport current density aBds the magnetic it should be mentioned that scaling behavior was observed
induction. The motion of vortex lines induces a macroscopiGar beyond the possible vortex-glass transiib phenom-

F—l' B 1

electric fieldE given by the relatiol? enological model, based on an entirely different approach,
1 has been proposed by Vinokat al,*” who have calculated
E=—- v XB, 2) the effect of pinnipg on the He;ll resistivity. Ir_1 their model
c the Hall conductivityo,y=py,/pxx (|pxy| <pxx) is indepen-

dent of disorder and the scaling quyy~p§x is believed to

wherev, is the velocity of vortex motion. The vortex motion . .
L Y be a general feature of any vortex state with disorder-

along the Lorentz forcéperpendicular tq) gives the dissi- . :
pative field €|j) and leads to the flux-flow resistivity. At the dominated dynamics. Therefore the valugiet 2 should not

same time the vortex motion along the direction of 'transporfi(apend on th? dggree of disorder. On tr_\g other hand, Wang,
current results in the Hall electric fielcdE(j,B). Thus the Donga,4and Ting® (WDT) recently modified their earlier
Hall effect is a sensitive test of vortex dynamics in the in-WOrk,”™ based on the normal core model proposed by
vestigated material. On the other hand, normal carriers in thBardeen and Stephéﬁ?l’hgy developed a theory for the Hall
vortex core, experiencing a Lorentz force, can also give £ffect including bpth pinning and thermal fluctuatlons: In the
contribution to the mixed state Hall effect by the usualWDT theory scalingand sign reversal op,, are explained
mechanism. by specially taking into account the backflow current of vor-
Two unexpected effects have been experimentally foundices due to pinning® Therebys changes from 2 to 1.5 as
for high-T, superconductors(i) a sign reversal of the Hall the pinning strength increas&s’® Controversial experimen-
resistivity p,, below T, and (ii) a striking scaling relation- tal results have been reported on the influence of disorder on
ship betweerp,, and the longitudinal resistivity,, in the  the mixed state Hall effect. For irradiated YBCO sampfés,
superconducting transition regiopxy~pr. was fOUﬂCé _tO be 150.1 co_mpared to 2 0.2 for unirradi-
Sign reversal of the Hall resistivity p,, has been ated one$?in accordance with WDTsee also Refs. 2628
observed experimentally over a range of temperatures artdowever, no influence of disorder on the scaling exponent
magnetic fields belowT ., for several types of high~, super- Was observed for TBCCO |rrad|§1ted_b3_/ heavy ions. In that
conductors, e.g., Y%USO7_y’2O,21 Bi,Sr,CaCyOg 2122 case,3=1.85 holds even after irradiati6h(see also Ref.

TI.B 23 L, L=N 24,25 SQ). A strong influence of pinning on Fhe Hall effect in the
Yéaf(zjiié%)/glsrB@C%%:CQ(Cstg‘érlattic(:e%ﬁ‘zg ,(SYn;,CO mixed state was observed of YBCO single crystalat the
-y -y ,

BSCCO, TBCCO, LCCO, YBCO/PBCO, respectivehas same time it was pointed out in Ref. 40 that pinning effects

well as for some conventional superconductors: In-Pb aIonscannOt be the only reason for the Hall anomaly for YBCO

V, Nb (see Ref. 28 M0,Si2° 2H — NbSe,. 3 This Hall effect éingle_ crystals. All these controversial re_sults show t_hat more
anomaly cannot be understood within the framework of th(a|\’_|vork IS necessary fpr . unde_rstandlng O.f the mixed state
classical Bardeen-Steph®nand Noziees-Vineri® theories all effect and the influence of%msorde_r on it
of vortex motion predicting the same sign of the Hall voltage. Very recently Wang and Maki have m'_cerpr(_eted the an-
for both the superconducting and the normal state. RecentffP"OPY Of He,(T) observed for borocarbides in terms of a
several models based on different approaches have been pifree-dimensional version af,2_2 superconductivity. Pos-
posed for the description of this effeske, e.g., Refs. 34—39 sible d-wave nature of superconductivity for borocarbides
and references thereinbut the Origin of this phenomenon gives an additional motivation for further StUdy of their elec-
remains a controversial problem. Meanwhile, the sign reverironic properties. In the present study we have investigated
sal of p,, below T, is expected to be not a universal prop- the Hall effect in the normal as well as in the mixed state for
erty, but its existence seems to dependent crucially on theUNizB,C and YN,B,C compounds prepared under the
peculiarities of the electronic structui®:3® Experimentally ~same conditions. The results for LyB,LC have been briefly
the pronounced influence of the doping level on the sign ofeported in Ref. 53.
the Hall voltage close td@ . was observed for various high-
T. cuprated®®! The sign reversal of the Hall effect disap-
pears for heavily underdop&and strongly overdopédre-
gimes. Polycrystalline LuUNjB,C (in the following denoted as
Scaling behavigrp,,~ p2 . in the superconducting mixed PC AN) and YNi,B,C samples were prepared by arc melting
state was observed by Lugt al*? for an YBCO thin film in Ar atmosphere and subsequent careful annealing at

II. EXPERIMENTAL DETAILS
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1100°C, as described in more detail in Ref. 54. The phase 10 :
purity of the samples was checked by x-ray diffraction on a LuNi,B,C
Philips PW 1820 system with CqKradiation. The reflec- PC AN
tions revealed practically a single phase. The lattice param- €
eters werea=3.464 A, c=10.635 A for LUNj,B,C anda o}
=3.528 A ,c=10.546 A for YNi,B,C. Bar-shaped samples 5§
were cut from the ingots. Typical dimensions of the samples Q
were 3<1x0.3 mn?. Hall contacts with typical misalign- 50 kOe
ment of less than 0.1 mm were usghis is essential because 0
the maximum of the Hall voltage does not exceed several YNi B C

tens of nanovolis At each point the Hall voltage was mea- 4l 22

sured for two inverse directions of the magnetic field. Most 160 kOe

measurements of the Hall effect and of the ac susceptibility
were done in magnetic fields up to 50 kOe using a Lake
Shore model 7225 susceptometer with Keithley 182 nano-
voltmeter and PAR-5209 Lock-in amplifier. Some measure-
ments in magnetic fields up to 160 kOe were performed us-
ing an Oxford Teslatron system. The values of electrical s 10 20 30 20
current were 10—20 mA for dc measurements and 1 mA for T (K)

ac ones. The magnetoresistaritdR) was measured by the

standard four-probe method. For comparison some measure- FIG. 1. Longitudinal resistivity,, as a function of temperature
ments were performed on an unannealed LBMNC sample T at H=0, 50, and 160 kOe for the annealed LuBiC and
(denoted as PC UNANwich has a considerably higher de- YNi2B,C samples.

gree of disorder.

| 160 kOe

o

p,, (uecm)
N

the value ofT.=16.7 K is slightly higher than that reported
for single crystals(15.8-16.5 K, see Refs. 55,9,7,8The
Ill. RESULTS AND DISCUSSION width of the superconductig transitidxiT . (determined from
zero field ac-susceptibility curve, see Fig.i80.27 K which
is close to the values 0.2-0.25 K typical for single
The experiments in the present work have been performedrystals®>®’ The PC UNAN LuNjB,C sample has a lower
on polycrystalline sample@o the best of our knowledge, no T, (14.7 K), a wider superconducting transition, and a more
data on the Hall effect for single crystalline borocarbidesthan one order of magnitude higher valuepgf(17 K).
have been reported so farFor characterization of our For the polycrystalline YNiB,C sample the values of
samples the results on resistivity, upper critical field andy, (17 K), RRR, T, andAT, are also comparable with the

magnetoresjstance for them will be compared with datgqgis reported for YNB,C single crystal&5°7see Table .
known for single crystals. At the same time our YNB,C sample has an approximately

The temperature dependencies of the longitudinal resistivg, times lower RRR value than LupB,C prepared under
ity pxx(T) for the annealed LuMB,C and YN,LB,C samples o same conditions. 2

are depicted in Fig. 1. The,(T) curves obtained at The results for the resistivity,,(300 K) collected in
=50 kOe and 160 kOe are also shown. The resistivity Ofrapie | show surprisingly large discrepancies even for the
both compounds exhibits a weak temperature dependeng@nme crystals. Thus an intersection of the(T) depen-
just above superconducting transition temperafiye Both  4onces can be recognized for the two YBEC single
samples have a rather sharp superconducting transition, Qysta|s55° These facts could be naturally understood taking
low resistivity at low temperatures and high valueseland  int account the large uncertainty in geometrical factor used
the  residual  resistance  ratio  RRR [RRR (5 determine the value gf,, from the experimentally mea-
=Pxd 300 K)/py(17 K)]. These parameters are comparedgyreq resistance especially for small single crystals. To
in Table | with those reported recently for Lu#,C and clarify this, linear p,,(T) dependences for two imaginary
YNi,B,C single crystal$>*"®It should be pointed out that samples of the same imaginary compound with different
the resistivity of borocarbides is practically isotropic. The RRR values(10 and 4 for samples A and B, respectiyely
small difference £2%) between the in-plane resistiviby  have been plotted in Fig. 2. Mattissen’s rule is expected to be
and the resistivity along theaxis p. observed for YNiB,C  valid for them, i.e., the difference in resistivities does not
single crystal§ at T=15-300 K is well within the experi- dependent on temperature. Let us suppose, that the measure-
mental uncertainty. Thus it is reasonable to compare the vaments ofp,,(T) give the “true” values for the sample A and
ues of resistivity for polycrystalline and single crystalline underestimate it by 1/3 of its true value for the sample B
borocarbides. (e.g., due to the uncertainty in the dimensions of the sample,
More precisely, the value gf,,(17 K) for the annealed final width of the contacts, etc.In that case for the sample B
polycrystalline LuN;B,C sample is 2.7«{) cm, which is  the obtained*“measured’) p,(T) curve (denoted as Bon
close to that for LUNiB,C single crystals (1.6-2.2cm, Fig. 2 and having the same value of RRR as the curye B
Refs. 55,9,7,8 see Table I. The value of RRR is 41 for our will cross the curve for the sample A. This example illus-
LuNi,B,C sample, which issignificantly higherthan those trates that an uncertainty of geometrical factorc20-30%
observed for single crystal23—-27, see Refs. 55,9,7AIso0  could explain the difference in room-temperature resistivities

A. Resistivity and upper critical magnetic field
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TABLE I. Resistivity p,, at 300 and 17 K, residual resistance ratio RRR, critical temperafyre
transition widthAT,, |aHCZ/z9T| and magnetoresistance MR for LyBi,C and YNi,B,C polycrystals(our
result3 and single crystal¢data from Refs. 55, 9, 7, and.8

Polycrystals Single crystals

Lu Y Lu®  Lu Lu Lu Lu Y Y Y

annealed UN [55] [9] [71 [8] [55] [9] [7]
Pex(300 K) (1 cm) 110 50 134 68 47 36 108 67 36
(17 K) (2 cm) 27 23 43 25 19 16 17 25 38 21
RRR 41 22 31 27 25 23 43 18 17
T. (K) 16.7 15.5 147 165 16.1 16.0 15.8 15.7 15.6 15.7
AT, (K) 0.27 044 06 02 0.25 0.2 0.25
|0Hc, /3T (kOe/K)P 6.8 6.0 58 6.4 6.2 67 71 6.1
MR(20 K, 50 kOg (%) 25 10 0.7 7.8 7.5
MR(20 K, 160 kOg¢ (%) 90 33 2.3

a8UnannealedPC UNAN) LuNi,B,C sample.

bFor details of the}ﬂHCz/aT| determination for different samples, see text.
“The value obtained af=20 K andH =45 kOe H|c).

9The value obtained af=15 K andH=45 kOe H||c).

and surprising i_ntersection ofstgpe(x(T) dependences for t_he a LuNi,B,C single crystal(SCR with H||(110) are also
two YNi,B,C single crystal$>® A strong support for this shown. The upward curvatur@JC) in the ch(T) depen-

explanation is that, for single cryst:_ils_ c_)f different quality yonce is clearly visible nedf.. Note that, in accordance
known, one would expect close resistivity values rather at,iih Ref. 55 the UC region is more pronounced and

room temperature than at low temperatures. We concludfﬂ_'C 14T| is higher for the annealed PC AN sample. This
that the quality of the borocarbide samples compared i 2

Table | can be mainly judged from the RRR data, Whereagugge;t% that this sample is close to the clean Iimit.in terms
resistivity values are strongly influenced by the uncertaint)Pf traditional theory of type-|! superco_nductors. It is of in-
in the geometrical factor used for determination mf.  crestt© compargiH,, /JT| values for different samples de-

Noteworthy is that both room- and low-temperature resistivtermined from the approximately linear parts of tHe (T)

ities for our LUNiLB,C sample are close to those reported fordependences H=20-50 kOe). The value ofaHCzlaT|
the YNIi,B,C single crystal which has a similar value of

RRR (Ref. 55 as our policrystalline LUNB,C sample(see
Table ). 0.0
Superconducting transitions determined from ac- —
susceptibility measurements are shown in Fig. 3 for different 2
magnetic fields. Temperature dependences of upper critical 5
magnetic fieIdchz(T) are depicted on Fig. 4 for the an- g
nealed and unannealed LyB,LC samples[The value of _3
H¢, was determined, similar as in Ref. 8, by the extrapola- =
tion of the ac-susceptibility curve to zero susceptibility 0.1
value, see Fig.@).] For comparison the data from Ref. 8 for '
0.00
2
__1o} 'S
2 =
= g
- J
% 5 =
=
-0.08 ' L :
0 . . 5 10 15
0 100 200 300 T (K)
T(K)

FIG. 3. Temperature dependence of the real part of the ac-
FIG. 2. Temperature dependence of the resistivity for twomagnetic susceptibility for the LubB,C (A) and YNipB,C (B)
imaginary sample$A and B) with different RRR value$10 and 4, samples in several magnetic fields. The upper critical fielgdwas
respectively. Line B' corresponds to the underestimated by 1/3 of determined by linear extrapolation of the ac-susceptibility curve to
p for sample B and has the same value of RRR as line B. See texero susceptibility value, as shown in the upper part of the figure.
for details. Lines are guides for the eye.
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FIG. 4. Temperature dependence of the upper critical Htgzd
for three LuNjB,C samples. Open symbols are the results of Ref. 8
for single crystal. Solid symbols are the results for PC AN and PC
UNAN polycrystalline samplegsee text Lines are guides for the
eye.

=6.8 kOe/K, obtained for the annealed LyR}C sample, is
in good agreement with those determined for single crystals:

6.7 kOe/K (calculated by arithmetic averaging [ofH.,/dT| g‘” 2k~ | YNi_B.C 4‘_)Kv)"
data reported in Ref. 8 for three directions ldf ||(100), £ Zoz g =
(110), and(002)), 6.4 kOe/K (reported forH||{001) for an- G 017" | p7 [esK g

other single crystal in Ref. 3%nd 6.2 kOe/K(calculated by =] LR (;g%)ﬁo%,;,‘:%ﬁ 7
arithmetic averaging of the data reported in Ref. 9 for = o £ 7 c
H[(100 and (001)). The H.(T) dependence for our & a0k / ]
YNi,B,C sample is similar to that observed for the - l 712 110 ,'lT=8K
LuNi,B,C PC AN one and also is in good agreement with Y L e R S .
the results reported for YBB,C single crystals>® The 0 10 20 30 40 50
value of |9H,/4T]| for our YNi,B,C sample is 6.0 kOe/K, H (kOe)

see Table I. _ .
TR . FIG. 5. Absolute value of the Hall resistivify,,| as a function
The low resistivity just abové., high RRR andl val- of magnetic fieldH for the annealedA) and unannealedB)

Ues, narrow superconducting transitions, pr_onour_lced uc '§-uNi,B,C as well as for YNiB,C (C) samples. The dashed lines

gion in theH, (T) dependences, and x-ray diffraction results 5re ow-field asymptotes to the normal state curves. The inserts

give evidence for a good quality of our annealed LYBYIC ~ show the results foH up to 160 kOe. Open circles in the insets

and YNiB,C samples. denote the data obtained for<50 kOe. Only some representative
curves and data points are shown.

B. Normal-state Hall effect
pxy(H) dependences have been observed for Y-, Ho-, Gd-,

, and La-based borocarbid&st’ Thus the nonlinearity in the
Pxy(H), for LuNi,B,C PC AN and PC UNAN samples as pxy(H) dependence, found for LupB,C samples with es-

well as for YNB,C sample in the normal and in the mixed sentially different quality, can be considered as an intrinsic
states are shown in Fig. 5. First of all, it should be empha: y a d Y, :
nd specific property of the Lu-based borocarbide.

sized that the Hall resistivity of all the samples is negative af* .
A nonlinear and even nonmonotonoys,(H) depen-

3.3=T=300 K, and has no sign reversal beldy. h ¢ lier for the h formi
In the normal statea pronounced nonlinearity in the dence has been found earlier for the heavy fermion super-

pxy(H) dependences is evident aI<40K for both conductor UBg; (Ref. 56 and has beer_1 interpreted in the
LuNi,B,C samples. Lineap,(H) dependences extrapolated framework of a two-band qué?. In this model, at low
from the low fields region are also shown in Fig. 5 by dashedields, the light carriers with high mobilities give the preva-
lines. The deviation from lineap,,(H) dependence in- lent contribution to the Hall effect, whereas at high fields the
creases with lowering temperature. The anomaly is moré&ontribution of the heavier carriers having lower mobilities is
pronounced for the annealed sample, although it is also dignore significant. Very recently a similar two-band madel
tinctly seen for the unannealed one. More clearly the nonlinhas been used to interpret the results on the transport prop-
earity in thep,,(H) dependences can be seen in the insets oérties of Ng_,CegCuQ, epitaxial thin films. In an entirely
Figs. 5a) and 5b) where some results obtained in high mag-different type of multiband modefS the existence of at least
netic fields(up to 160 kO¢ are presented. It should be un- two bands with significantly different Fermi velocities was
derlined that no nonlinearity in thg,,(H) dependence was found to be very essential for the quantitative description of
observed for our YNB,C sample[see the inset of Fig. Hc,(T) curves with sizable UC for the Lu- and Y-based
5(c)]. Earlier, linearp,(H) dependences have been reportedborocarbides. Several groups of carriers with different effec-
for YNi,B,C (Ref. 16§ and YbNLB,C (Ref. 18 samples tive masses have been directly observed for ;BNC in
prepared under high pressure. No indications of nonlineadHvA experiments® Thus some kind of a two-band model

The temperature dependences of the Hall resistivity
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P LuNi,B,C T=20K
8 0.6 /E\ 22 . A
LE) ° /./{/i
G 04 0}1 4 (//;,y*
ha ~ - A)K/* 3 Y
= s o f‘:* 10K 145K
2 o2l <, A SR W W
= YNi_ B C H=50 kOe r ] if iy e
T 22 A7
o0 $ if T=20K
= 00 . . 1OKE 45K4:3.3K %50 160 150
0 100 200 300 P i H (KO)
T (K) 0 'y 1 A*)‘ 1 1
YNi B C T=20K
FIG. 6. Absolute value of the Hall coefficiefRy| (obtained at __3r 22 /'4.§!Z§ B
H=50 kOe) as a function of temperatufie for LuNi,B,C and = _/-/:;ifgfi "
. . .. . . (&) - . o4 f
YNi,B,C samples. Dotted line is linear extrapolation of high tem- o J ', 5/4.5 KU{ 33K
perature data for LUNB,C. Solid lines are guides for the eye. = 2r 10K f 72 _ ==
% I 17 z A
< T A
may be applicable for understanding of the nonlinggtH) 1r ’ [ o0 K
depenc_ience found by us for Lui,C borocarbide. . ,.4- K| 13 3K 05355 160 7%0
In Fig. 6 the temperature dependences of the Hall coeffi- o4 i . kOe)
cientsRy(T) = py,(T,H)/H atH=50 kOe are shown for the 0 50 100 150 200
annealed LUuNiB,C and YNLB,C samples. Below-60 K H (kOe)

the RH,(T) dependence for LU_NBZC ShO_W_S a considerable FIG. 7. Magnetic-field dependence of the longitudinal resistivity
deviation from the dotted line describing,(T) at H |, ' tor LuNi,B,C and YN}B,C. In the insets absolute value of the
=50 kOe for higher temperatures. This deviation is obvi-Hg| conductivity |0, (in 1072 wQ~tem™?) vs field is shown.
ously connected with the nonlinearity ip,,(H) curves  Open circles in part A denote the results obtainedHst50 kOe.
shown in Fig. %a). At low temperatures the values of the Lines are guides for the eye.

Hall coefficient on the dotted line in Fig. [®btained by the

extrapolation of the high-temperatuRg (T) curve] coincide C. Normal-state magnetoresistance

with the values of the low-field Hall coefficient, calculated at | Fig. 7 the field dependence of the longitudinal resistiv-

low temperatures using the low-field asymptotes for thqty po(H) is shown for the annealed LupB,C and
XX

pxy(H) curves[shown in Fig. §a) by dashed ling Only | |,Nj,B,C samples. The values of magnetoresistance,
weak temperature dependences were observed for the low-

field Hall coefficients of LuUNjB,C and YNiLB,C borocar-

bides. This is in agreement with the observation of a weak MR= PxdH) ~ pxu(0) 3)
Ry(T) dependence for YNB,C in Refs. 15-17. Weak Pxx(0) ’

Ry(T) dependences were reported also for La-, Ho-, and

Gd-based borocarbidéd!” Below ~60 K, theRy(T) curve  for the annealed LuNB,C sample aff =20 K are as high as
obtained for LuNjB,C atH=50 kOe exhibits a pronounced 25 and 90% forH =50 and 160 kOe, respective(gee also
temperature dependence connected with the nonlinearityid- 1). At the same time considerably smaller values of MR
found for p,,(H) at low temperatures. Noteworthy is that a Were observed at these fieldE0 and 33%, respectivelyor
strong decrease of the Hall coefficient was found with in-the YNiB,C sample, prepared under the same conditions as
creasing temperature for YoMB,C (Ref. 18 borocarbide the Lu-based one, see Table I. It should be emphasized, that
having moderate heavy-fermion-like behavior. The values oft Magnetoresistance of onty7.3% was observed, &t

Ry obtained in this work for LUNIB,C and YNjB,C are 42 kOe andT=20 K, for a LuN,bB,C S}”%'? crystal with
comparable with those earlier reported for YB§C,>1" but RRR=25 (H parallel to the tetragonalaxis),” i.e., the value
they are about five times (LubB,C) or ten times of MR for our LuNi,B,C polycrystalline sample is about 3.5

. . times higher, than that of this single crystal. The value of
(YNi,B,C) smaller than the value resulting from band- MR (7.5% reported in Ref. 9 for YNiB,C single crystal

structurellcalculatmr‘fs for LUN'Z.BZ.C (3x10°% m*/C with RRR=18 (H||c) is comparable with that found for in-
=3x10""" () cm/Oe). These deviations may be caused by, o qtigated YNjB,C sample. High values of MR can be con-
gorrelauop effects in borocarbides. The estimation qf the cargijered as an additional indication of the high quality of our
rier density from theR,; value atT=300 K, by using & anpealed samples, because the value of MR for the unan-
single band model which is a rough approximation, gives 1.5,ealed sample is approximately 40 times smaiere Table
and 2.4 carriers per unit cell for Lu- and Y-based borocarq), |t should be also noted that the impurities of magnetic rare
bides, respectivelyThe estimation of the carrier density for earths, the concentration of which could be greater in Lu-
YNi,B,C prepared under high pressure gives 0.6 carriers pajased sample than in Y-based one, cannot lead to the in-
unit cell 8 i.e., about four times smaller than present resulicrease of MR, because the introduction of magnetic ions to
and values reported in Refs. 15 and 17. Probably this differnonmagnetic substande.g., borocarbide latti¢egives the
ence is connected with high sensitivity of the Hall coefficientnegative contribution to MR due to decrease of spin-disorder
for method of sample preparation. scattering in a magnetic field, see, e.g., Refs. 7 and 16.
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A possible reason for the very large positive MR in son whyo,, is independent oH for high fields, resulting in
LuNi,B,C and for the significantly larger MR of the poly- , ;2 'in the normal state is not yet understood(t is
crystalline sample compared to the single crystal in Ref. 9 i,oteworthy thatp,,~p2, scaling in thenormal statewas
the formation of open orbits on the Fermi surface of thateayjier observed for the superconducting heavy fermion com-
compound forH.L c. (In principle the possibility of the for- nound UBg,.%%) At the same time the Hall conductivity of
mation of open orbits for borocarbides was pointed out inyN;j,B,C has only a slight nonlinearity dt=20 K [see the
band-structure calculatiofis.In Ref. 5, e.g., it was claimed inset of Fig. 7b)]. Only atT=4.5 and 3.3 K some tendency
that one part of the Fermi surface is a cylinder alongdhe for saturation ino,,(H) dependences was observed in high
axis) It is well knowrP® that open orbits can lead to large fields.
values of MR<H?, whereas closed orbits should give rise to
saturationof magnetoresistance for lar¢se In that case, for D. Mixed state Hall effect
polycrystals, the averaging of MR should lead to a practi-
cally linear p,,(H) dependence (so-called Kapitza’'s layv
In accordance with this, the observpg,(H) dependences
for our LuUNi,B,C PC AN sample follow approximately a
linear law; see Fig. 7. The MR{) dependence for polycrys-
tals, in the case of open orbits for some directionsHof
should bestrongerthan that observed for single crystals for

In the mixed statehe variation of the Hall resistivity with
magnetic field for both compounds can be described as fol-
lows: belowT, in low fields there isp,,=0 as can be seen
from the p,,(H) curves at, e.9.T=10 K [Figs. §a)-5(c)].

At higher fields(in the region close to the resistive supercon-
ducting transitiop the Hall resistivity increases in the abso-
éute value and gradually reaches thg(H) curve obtained
in the normal state at temperatures slightly higher tiign

the significantly larger MR found for the LupB,C poly- : .
crystals, in comparison with that observed for the single':Or YNi;B,C the normal-state,,(H) dependence is very

crystal forH||c, can be considered as an indication for thegIose ,tb?t Itlﬂear[see tthe cu][ve t?bttr?'EEd 5%40 K '? F'?H
open-orbits formation in LUNB,C for HL c. Investigation (©)] € same ume, lor bo ubl,C samples the

of the MR in high fields for LUNjB,C single crystals with norma_ll statepy,(H) dependen_ces have a_nonlinea_rity with

the two configurationg) j[lc andH L ¢ andii) j.L ¢ andH|c negative curvature. This nonlinearity, as it was pointed out

are necessary to check this conclusion above, is more pronounced for the annealed sample; see
The nonlinearp,,(H) dependence and the large MR, Figs. §a) and 8b). The Hall resistivity curvep,,(H) in the

g : : mixed state shifts with increasing temperature to lower mag-
found In this study, as well as the anisotropyttf, in theab  otic i/ similar to the behavior usually observed for the
plane;™” earlier reported for LUNB,C, may be caused by |ongitudinal resistivity curvep,(H). Simultaneously the

the same reason, namely, by peculiarities of its eleqtronlg,xy(H) andp,,(H) transitions are shown in the insets of Fig.
structure. It should be underlined, that all these anomalies aig ¢, 41 samples. Their comparison is discussed below.

absent for YNjB,C. [For YNi,B,C a linearp,,(H) depen- For LuNi,B,C as well as YNiB,C no sign reversal of
dence and a substantlall_y smaller MR can be seen in Fig. ny(H), typical for highT, superconductors, was observed
and only a very small anisotropy éf.,(T) were reported in below T, . The sign of the Hall resistivity is negative in the
Refs. 6 and 9.The differences in the properties of these verymixed as well as in the normal state. It should be noted, that
similar compounds should be connected with difference befor high-T,, superconductors not only the holelike materials,
tween their electronic structure. As has been noted in Ref. But also the electronlike ones usually experience sign rever-
the Fermi-surface topology of the borocarbides is very sensal of the Hall effect(see, e.g., Ref. 25The behavior of the
sitive to the position of the Fermi level, which may be two LuNi,B,C samples with significantly different quality
slightly different for the two cases, Lu and Y, due to, €.9.,(the RRR value for the PC UNAN is onk3) in the mixed
different lattice constants. From the obtained results the forstate is quite similar. Also the behavior of Y48i,C in the
mation of open orbits seems to be easier in the case Qfixed state is similar to that of LupB,C. Therefore the
LuNi,B,C in comparison with YNiB,C. Nevertheless, only  apsence of the sign reversal of the Hall effect seems to be an
the comparative study of LubB,C and YNLB,C single intrinsic property of the investigated borocarbides. This re-
crystals(e.g., investigation of the angular dependence of MRsy|t has been obtained on polycrystalline samples, but, as has
in high fields can give definitive verification of the proposed peen discussed above, the anisotropy of the electronic prop-
model. erties of borocarbides is small, and the quality of our an-
Theoretically, it is more convenient to describe the behavnealed samples is high. Therefore this conclusion should re-
ior of the Hall effect in terms of the Conductivity tensor main true also for the borocarbide single Crysta}'g)r high-
rather than by the resistivity one; see, e.g., Ref. 59. As showtr . superconductors, having considerably higher anisotropy
in the inset of Fig. 7a), the nonlinearity in the dependence n electronic properties, sign reversal in the Hall effect was
on magnetic field of the Hall conductivityr,y(H), in the  observed usually for both poly- and single crystalline
normal state for LUNIB,C is even more pronounced than samples of the same systém.
the nonlinearity in the Hall resistivity curvp,,(H) (oyy In order to understand the absence of sign reversal in the
= puy!Pixs Prc>|pxyl). Itis interesting to note that,, for o, for the investigated borocarbides, the following physical
LuNi,B,C becomes practically independent of the magnetigicture of the Hall effect in the mixed stdte®® can be used.
field for H=80-160 kOe, aff =4.5-20 K[see Fig. 7@]. ~ There are two contributions to the Hall conductivity, in
The nonlinearp,,(H) dependence and the large MR of the superconducting state:
LuNi,B,C are probably closely connected and result in a
practically constantr,,(H) at high magnetic fields. The rea- Oyy=OnT O, (4
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ISR W rocarbides as well. In theot§the sign of the Hall effect in
T oilg &f” g ' | the mixed state is determined by the energy derivative
S ST TS g dN(0)/du of the density of statebl(0) averaged over the
= © 35—’ T C‘-{,i‘ Fermi surface. For a complicated Fermi surface which has
- H (kOs) _/f/ electronlike and holelike parts the signsay, in the normal
oK / and in the mixed states may be different. In the phenomeno-
= A S p I~ (p )b : ) : .
: e logical theory, based on Ginsburg-Landau equation and its
0.01- LuNi B C p=2.0 . . 7 . L
PC AN2 o = gauge invariancg’ the sign of the Hall conductivity is de-
// —s— T=9K termined byd In T./du, whereu is the chemical potential. In
3 —— T=10K any case, the sign of the Hall effect in the mixed state de-
, o T=nK pends on the details of the band struct(see also Ref. 38
0.1 1 10 From our results it follows, that, contrary to the case of high-

T. superconductors, the signs®f and o for borocarbides
are the samésee the insets of Fig.)7This seems to be the
reason for the absence of sign reversal in the Hall effect in
these borocarbides.
” In the mixed state two regions concerning the behavior of
B Y lp 1~ (p )B pxy and py, can be distinguished. At low magnetic fields
LNiBC veox both pxy andp vanishes. For higher fields it is clearly seen
b SNi\N // e Tot0K that the scaling behaviolp,,|=Ap%, holds for all three
// e T21K samples(see Fig. 8 The values ofg are 2.0:0.1 and 2.1
4 e TensK *+0.1 for Lu- and Y-based annealed samples, respectively. It
2 ' decreases to 1#70.1 for unannealed LubB,C sample hav-
ing a one order of magnitude higher resistivityTat 17 K.
This may be connected with an increase of pinning strength
for the PC UNAN due to the considerably larger concentra-
tion of defects leading to the larger resistivity of this sample.
The decrease of the scaling exponent with increasing pinning
strength was obtained in the WDT the8tyaking into ac-
count the backflow current of vortices due to the effects of
pinning. Another manifestation of the pinning effects, pre-
dicted by the WDT model, can be seen in the insets of Fig. 8
where thep,,(H) andp,,(H) curves in the superconducting
g transition region are simultaneously shown. For decreasing
01 ' 1 10 fields, p« vanishes at definitely lower values fthan|p,,|
o (uQcm) for all three samples. The same behavior was described by
x WDT taking into account the effect of pinning. In accor-
FIG. 8. |py| VS pyy for the annealedA) and unannealecB) dance with Ref. 34, the Hall resistivity can be observed only
LuNi,B,C as well as for the YNB,C (C) samples. In the insets N the flux flow regime of superconducting transition. Prior

|pxy| and p,x vs magnetic field are simultaneously shown for to the flux flow, the longitudinal resistivity may become fi-
=10 K. nite due to flux creep at finite temperature, while the Hall

resistivity is still zero[Vortices in the flux creep regime are
where o, is connected with normal quasiparticles that expe-pinned, and they are only able to creep alongjtk@® direc-
rience a Lorentz force in the vortex caiieis expected to be tion assisted by thermal activation. Creep of flux lines in this
proportional toH) and o is an anomalous contribution direction, in accordance with ER), does not lead to a Hall
connected with the motion of vortices parallel to the electri-voltage] From the obtained results it is obvious that pinning
cal current density. In Refs. 35 and 36 it was claimed that effects are considerably important for the mixed state Hall
osc~1/H and could have a sigoppositeto that of o, . effect in the investigated borocarbides. However, as for high-
Therefore at low magnetic fields, the,(H) term is more T, cuprates(see, e.g., Refs. 40 and JAhot only pinning
essential but at higher fields,(H) will be dominant. Ifo,  effects will govern the mixed state Hall effect in borocar-
has a different sign tham, it is possible to observe a sign bides.
reversal in the Hall effect af <T,.3*3¢ Equation(4) was
verified and the termos.~1/H was observed, e.g., for
YBCO.%° For LuNi,B,C and YNi,B,C the Hall conductivity V. CONCLUSIONS
decreases with increasirtd, as can be clearly seen in the = We have investigated the Hall effect for LyB,C and
insets of Fig. 7 for ther,, vs H curves atT<T.. At the = YNi,B,C borocarbides in the normal and in the supercon-
same time it should be pointed out that observgg vs H ducting mixed state. A negative and only slightly
dependences seem to change more rapidly thdnA/simi-  temperature-dependent low-field Hall coefficient was found
lar behavior was observed for cuprates; see, e.g., Refs. @br both compounds abovE.. The value of the Hall coef-
and 41. Therefore the mechanism of the mixed state Halficient R, is about one order of magnitude smaller, than that
effect connected with vortex motion seems to work for bo-resulting from band-structure calculatich#s pronounced

20 30 40 &

Ipxyl {(uQ cm)

0.0

=

0.1

Ipxyl (uQ cm)

0.01
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nonlinearity in the field dependence of the Hall resistivity reversal, typical for highF. superconductors, was found for
pxy(H) was found for LUNjB,C in the normal state below them. The scaling expone is 2.0+0.1 for the annealed
40 K accompanied by a very large positive magnetoresistuNi,B,C sample, it decreases to *0.1 for the unan-
tance MR. An only lineap,,(H) dependence was observed nealed one, which, in accordance with the WDT theory, can

for YNi,B,C. The possibility of open-orbits formation on the pe attributed to the increase of the pinning strength.
Fermi surface foH L c is pointed out for LUNjB,C contrary

to YNi,B,C. Measurements of the angular dependence of
MR in high magnetic fields for Lu- and Y-based single crys-
tals are necessary to check the proposed maunl¢he mixed
statethe behavior of Lu- and Y-based borocarbides is quite This work was supported by RFBR Grant No. 96-02-
similar. Scaling behaviopxy~pfx was observed but no sign 00046G and DFG Grant No. MU1015/4-1.
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