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The in-plane resistivityp and thermopoweB of single crystalRNi,B,C (R=Dy, Ho, Er, Tm has been
measured from 4 to 300 K. The resistivity is linear in temperature from about 100 to 300 K, but the low-
temperature dependence goeg Bsvith p=3.0, 2.6, 2.0, and 1.4, respectively, from Dy to Tm, in comparison
to the T? behavior previously reported for LupB,C. The thermopower exhibits a region linearTinfrom
about 100 to 300 K where the coefficiemtscales by the de Gennes factgr(1)2J(J+1) for differentR
=Lu, Tm-Dy. The quantitys-bT is surprisingly similar in temperature dependence and magnitude for samples
with R=Y, Lu, Dy-Tm, suggesting a common, nonmagnetic contribution to the thermopower of these com-
pounds[S0163-18207)07625-X

. INTRODUCTION reportd®~2! indicate that these are moderately strong-
coupling superconductors. Many experimental results indi-
The recently discovered quaternary borocarbide intermeeate that these compounds are the conventional phonon-
tallic compoundsRNi,B,C, whereR is Y or a rare-earth mediateds-wave superconductors, although some deviations
element(Lu-Gd), exhibit a wide variety of physical proper- are reported, namely, the absence of the coherent peak in the
ties. The structure of these compounds is body-centered t&MR relaxation rate below . ,?? T® dependence of the spe-
tragonal(space group4/mmm) with alternating square pla- cific heat in a wide range of temperatures belBw*® and an
nar layers of rare-earth carbides and corrugate@Nsheets anomalous temperature dependenceHgf, A (T,H=0),
with a unit cell consisting of two formula unifsa layered and microwave impedanéé.
structure similar to that of ThG8i, with an additional car- The compound®&Ni,B,C with R=Ho, Dy, Er, and Tm,
bon atom per rare-earth atom in the rare-earth layer andhich exhibit coexistence of superconductivity and magnetic
reminiscent of the layered high: cuprates. Their physical order, have been the subject of intense research.
properties depend upon the atom; compounds wittR HoNi,B,C, ErNiLB,C, and TmN;}B,C have superconducting
=Y, Lu seem to be BCS-type superconductorsth rela-  transition temperatures 8.5, 10.5, and 11 K andINem-
tively high T. [T.(Y)=15.6 K, T.(Lu)=16.1 K]; R=Dy, peratures Ty)=~5, =6, and=~ 1.5 K, respectively. Thus, in
Ho, Er, and Tm exhibit the coexistence of superconductivitythese three compoundEy<T,.. In contrast, DyNjB,C has
and magnetic ordefgenerally antiferromagnedic as ob- T.~6.2 K andTy~10.4 K, i.e.,Ty>T.. Specific heat and
served earlier in the magnetic superconduc®iRh,B, and  magnetic susceptibility measurements on HENC indicate
RMo4Ss, 2 with additional effects due to anisotropy induced the presence of three magnetic phase transitions at 6.0, 5.5,
by crystalline electric field§;® R=Tb (Ref. 9 and Gd(Ref.  and 5.2 K in zero magnetic fiefd.Neutron studies on this
10) do not show superconductivity at least above 0.5 and 1.4ompound indicate that initially a long-wavelength spiral
K, respectivelyR= Yb displays heavy-fermion behavior and magnetic structure develops at 62Kwhich produces a deep
is not superconducting down to 0.34'KThe borocarbides, minimum in the critical field as the ordered moment
which show superconductivity, are type-ll superconductorsncreases.Near 5 K (and zero fiely a transition to a com-
with a small coherence length=(B0—100 A). Electronic mensurate antiferromagnetic structure takes place, resulting
band structure calculations on LuB,C (Refs. 12 and 18 in ferromagnetic holmium-carbide sheets with alternating di-
and YNiLB,C (Ref. 14 show that the states near the Fermirections of the magnetization, which leads to a sharp increase
level Er are dominated mainly by the Ni¢B character and in the critical field with the coexistence of antiferromagnetic
have a relatively high density of stateskt. The bridging order down to the lowest temperature. The transition at
carbon atoms provide strong interlayer interactions, resulting=5.5 K, although visible in measurements of specific heat
in the three-dimensional nature of the compoulidBhe su- and magnetic susceptibility, has not been confirmed by the
perconductivity is believed to originate in the Bi, layers.  neutron studies. For ErbB,C, a similar sharp minimum in
Theoretical studidé™* as well as some experimental the critical field is observed in the vicinity of the magnetic
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ordering temperature. Neutron-diffraction studies on
DyNi»B,C show that the compound is a simple collinear an-
tiferromagnet below 10 K; the moments are aligned ferro-
magnetically in each rare-earth carbon layer perpendicular to
the ¢ axis with the magnetic moments of two consecutive
layers aligned in opposite directiofSNeutron studies on
ErNi,B,C show that the antiferromagnetic structure devel-
oped atTy=6.0 K is always incommensurate and does not
display ferromagnetic basal-plane sheets of Er atoms.
Neutron-scattering results have not been reported for the Tm
compound, but magnetic measurements indicate that the easy
axis is along thec axis. Thus these four compounds exhibit
interesting magnetic structure features which influence their
superconducting behavior, although their crystallographic
structure is similar.

It is important to understand the normal-state transport
properties of superconductors in order to investigate possible o _ _ _
interactions which may be responsible for the superconduc- F!G- 1. Resistivity of DyNjB,C (circles, ErNi,B,C (squares
tivity. Recently, good single crystals of most of the borocar-HONiz2B2C (diamonds, and TmN;B,C (triangles single crystals as
bide compounds have become available which provide & function of temperature.
unique opportunity to investigate the normal-state transport
properties of well-characterized samples without the granuTable | for the Dy, Ho, Er, and Tm samples along with the
larity problems present in polycrystalline samples, whichvalue for Lu for comparison. The value ¢f,,(RT) for
could be detrimental to the interpretation of the results orDyNi,B,C in this work is about 25% smaller than the value
transport properties. In this paper we present the results atported by Cheet al!” althoughp,,(RT) of ErNi,B,C is
detailed studies on in-plane electrical resistivity and ther- similar to theirs within experimental error. This difference in
mopower in single crystals &Ni,B,C, whereR=Dy, Ho, thep,,(RT) values in single crystals of these materials may
Er, and Tm. Brief Reports on normal-state transport properarise from the slightly different growth conditions of the
ties of RNi,B,C have been recently present®® by our  single crystals from batch to batch. The reported room-
group along with a detailed study of the transport in nonmagtemperature values of the resistivity of polycrystalline
netic superconductotf$ with R=Y, Lu. Recently, a brief RNi,B,C (R=Dy, Ho, Er, T in the literature are usually
report on the thermopower measurements of polycrystallinenuch higher and have a large spread due to varying prepa-
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Y/LuNi,B,C has also been publishétl. ration conditions, weak links between the grains, and the
nature of the intergranular contact material.
Il. EXPERIMENT The temperature dependencemf, (to be referred ap

hereaftey is linear from RT down to~100 K for the four

Single crystals of DyNB,C, HoNi,B,C, ErNi,B,C, and  samples, although a very small negative curvature is present
TmNi,B,C were grown by a NB flux method®? As-grown  near room temperature since a least-squarésSiE) of p vs
crystals are platelike with mostly irregular surfaces inélle T data to an expression=A’+ BT+ CT? improves the fit
plane and usually weigh about a few hundred milligrams.as determined from the correlation coefficient. The coeffi-
Surfaces of the crystals are shiny and exhibit metallic lustergientC is negative and very small, approximately four orders
but have some roughness. Samples for electrical resistaneg¢ magnitude smaller than the coefficieBt and hencep
and thermopower measurements are taken from the sameT is considered to be a valid assumption for further analy-
single-crystal ingot(or same batchand are prepared in a sis. The values dfdp/dT]gy are given in the Table | for the
parallelepiped shape having typical dimensions ofpy, Ho, Er, and Tm samples and are similar to those re-
1.5 mmx0.5 mmx0.1 mm after polishing the surfaces to re- ported for Y/LuNiB,C single crystal€®3 The departure
move the surface roughness and to make them uniformifrom the linear temperature dependence of the resistivity be-
thick. Both electrical resistance and thermopower are measomes significant below 50 K. Figure 2 showss T data for
sured from room temperature=@95 K) down to 4.2 K in . DyNi,B,C for T<12 K. The resistivity for the Dy sample
separate low-temperature cryostats described earfféfhe  shows a sudden decrease in resistivityrat10.5 K, which
accuracy of the measurements in resistivity is better than 5% identified as the N temperature T) at which antifer-

and that for the thermopower i50.1 ©V/K. romagnetic ordering takes place in the sample, and agrees
with similar observations by others in the DyBC poly-
IIl. RESULTS AND DISCUSSION crystalline and single-crystal sample® The decrease in the

resistivity at the Nel temperature is caused by the decrease
in the electron scattering by the disordered spin structure
Figure 1 shows the temperature dependence of the iraboveTy. The superconductivity sets in at=T: ~6.6 K
plane resistivity p,, of single crystals of DyNB,C, with the superconducting transition temperatiite=6.0 K,
HoNi»B,C, ErNiLB,C, and TmN}B,C from room tempera- defined as the temperature at which the steepest part of the
ture (RT) down to 4.2 K in zero applied magnetic field. resistance curve extrapolates to zero resistance. The transi-
Room-temperature (R¥295 K) resistivities are listed in tion width AT (90%-10% drop in the resistivityis

A. Resistivity
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TABLE I. Characteristic properties of single-crysNi,B,C compounds witlR=Lu, Tm, Er, Ho, and DyT} is the onsefl; | is
determined from Eq(1) in the text;\, is determined from Eq¢(2) in the text;\ is determined from Eq(3) in the text usingT,=T% and
n*=0.15; py, A, andp are determined from a least-squares fit of the low-temperature data {6)Eq.

Rare earth Dy Ho Er ™™ Lu
T (K) 6 8.6 10.8 10.9 16%
Ty (K) 10.5 5.2 5.9 1.5

prr (O cm) 41.6 43.7 47.8 49.8 468
p(T%) (uQ cm) 1.8 4.0 3.8 4.2 13
[dp/dT]rt (1 cm/K) 0.13 0.15 0.15 0.16 0.%5
I (eV A3 0.6 0.6 0.7

Apg (uQ) cm) 2.4 1.6 0.3-0.f 0
I(RT) (A) 8.6 8.3 7.6 7.3 7%
[(T%) (A) 195 90 93 86 190

b 0.84 0.97 0.97 1.03 0.97
A u*=0.15) 0.74 0.84 0.93 0.93 134
po (uQ cm) 4.01 3.96 3.55 3.53 1.86
A (nQ cm/KPT) 2.6x10°° 1.5x10°4 2.2x10°3 2.36x10°2 1.8x10°%2
p 3.0 2.6 2.0 1.4 2%
S(RT) (uVIK) -10.9 -8.6 -8.7 —6.6 -7.3
ASy, (uVIK) -0.8

[dYdT]gr (NVIK?) -235 —19.0 —14.9 —-13.8 -10.48
(S—TdYdT)gr (uV/K) -3.4 -3.0 —4.4 -2.7 —4.48
aRef. 30.

bRef. 6.

°Ref. 20.

‘Ref. 5.

‘Ref. 7.

~0.5 K and is reasonably sharp, indicating the good qualitygmall negative curvature at higher temperatures, and nonlin-
(homogeneoysof the sample. The resistivity fy is 4.2  ear below 100 K. The values ¢tlp/dT]gy for both the Ho
pQcm, and afT} is 1.8 uQ cm; thus, the decrease in the @nd Er samples are 0.1 cm/K and agree with the value
resistivity due to the antiferromagnetic ordering is 2.4reported by Chet al” for the Er sample. The superconduc-
«Q cm, which is~0.7 #Q cm less than the decrease ob- tivity sets in atT=TZ=9.0, 11.4, and 11.2 K, respectively,
served by Cheet al” The resistivity ratio(RR), defined as With T,=8.6, 10.8, and 10.9 K, respectively, for the Ho, Er,
p(295 K)/p(T%), is 23 for the Dy sample, which is also and Tm samples. The resistivities of the Ho, Er, and Tm
indicative of the good quality of the sample. samples afl} are almost twice that for the Dy sample at
The temperature-dependent behavior of the in-plane resig: (see Table)l The resistance ratios are RR1, 13, and
tivity of the Ho, Er, and Tm samples is similar to that of the 12 for the Ho, Er, and Tm samples, respectively, almost
Dy sample, i.e., linear from=100 to 300 K, with a very one-half of the RR value of the Dy sample, and indicate that
these samples have more imperfections and/or defects. How-
ever, the resistivity values &k’ for the Ho, Er, and Tm

6 samples include the resistivity contribution due to spin dis-
s order (pspd as the Nel temperatures of HobB,C,
] ErNi,B,C, and TmN}B,C are below the superconducting
transitions. One can estimate this resistivity contribution by
s 41 applying a sufficiently large magnetic field to the sample
g which will reduce T, below Ty. Rathanayakaet al® find
S 39 Ap~1.6 uQ cm for HONLB,C. Choetal’ find that Ap
= ~0.3 uQ) cm for ErNpB,C if the applied magnetic fielth
21 is parallel to thec axis and that it is<0.1 xQ cm if H is
perpendicular to the axis. These values for the Er sample
1+ are more than 10 times smaller than the observed for the
é E Dy and Ho samples. Values dfp for TmNi,B,C with its
0{) r r Ty~1.5 K have not been reported.

5 10 15 20 25 30 Based on the measured value(RT) and[dp/d ]y of
T(K) the Dy, Ho, Er, and Tm samples in this work, the electron
mean free pathl§ and the transport electron-phonon cou-
FIG. 2. Low-temperature data of Fig. 1. pling parameterX,,) are estimated from the relatichs
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p 1=2e’N(0)vel, (1)  (A=~1.8) and NBAI (A=~1.5)3" The strong-coupling el-
emental superconductors Pb and Nb hawvel.5 and 1.0,
dp 872 respectively®®
AT 7ol Kg\y (2 In the normal state, the resistivity of the sample can be
Wp expressed as the sum of the residual resistivity, that due to

) ) _ _ electron-phonon scattering and that from the magnetic scat-
whereN(0) is the density of states at the Fermi levelis  tering by disordered spins, i.e.

the Fermi velocity, andw, is the plasma frequency. The
parameter&d(0), vg, andw, are not available in the litera- Prota= PoT Ppht Pspd- (4)

ture for any of the samples: therefore, values for these pa- .
rameters calculated for LubB,C 135 6. N(0)=4.8 [states/ The exchange constahtbetween the conduction electrons

3+ ; .
eV unit cell, UF:(UIZZX+U|2:y+v[222)l/2: 3.6x 10" cm/s, and ;ihnd the'Rt. 'tlo?)s can bc(ia' est(ljmated tftrom the contrék_)uuotn to
w,=5.1 eV are used to calculateat T¥ and at room tem- ch rrsztsiol\rgllgy Y spin disorder scattefiipg,q according 1o
perature and,. The values are listed in Table I. The elec-

tron mean free pathat room temperature in these samples is 37N
of the order of their atomic spacing. Therefore, the standard Pspd™F7 52 12(g—1)23(J+1), 5)
Boltzmann theory is expected to break down at RT and he“vg

higher temperatures. However, flattening of the resistivityyhereN is the number of rare-earth atoms per unit volume,
with temperature is very small; therefore, thg linearity _be-vF the Fermi velocityg the Landeg factor, andJ the total
tweenp andT near RT is assumed to be a valid assumptiongngyjar momentum of the localized rare-earth ion in units of
The calculated values afy for Dy, Ho, Er, and Tm from EQ. 4 The exchange constahs calculated from the measured
(2) are reasonable and compare well with valuea pbimi-  ya1ye of the abrupt drop in resistivit\p = psp9 at the Nel
larly calculated for LuNjB,C.*® Thus they represent a semi- temperature for the Dy, Ho, and Er samples, withtaken to
empirical measure of the electron-phonon coupling constaffe the same as for LupB,C. The values of the exchange
A\, which appears in the McMillan equation for the supercon-cgnsiantl are 0.6, 0.6, and 0.7 eV¥rom Eq. (5), respec-
ducting transition temperaturg.. With the knowledge of (yely for the Dy, Ho, and Er samples, or, equivalently,
T, gnd Debye temperatu_@D of asu_perconductoh can be pepa fOT these three samples obeys de Gennes scétieg
estimated from the McMillan equatich Ref. 38 and references thergiimilar results were reported
for RAI, compounds® The almost identical values dfin-
fiwog 1.041+N) dicate that there is no significant difference in the magnetic
kBTc:W TN—p* (140620 (3 interactions between the conduction electrons andRfie
ions, in these samples, yet quite different magnetic behavior
wherewyq is taken to be 0.7y, wpy, is regarded to be the S observed for each of thg three. We note thgtalso ex-
same asup=kg®p /%, and u* is the Coulomb pseudopo- hibits de Gennes sczallng, |.e'5N10|s proportional to the de
tential and usually taken to be between 0.1 and 0.15. Debygennes factord—1)°J(J+1).%" ,
temperatures for these compounds have not yet been re- Although the in-plane resistivity of each sample varies
ported; therefore, the Debye temperature of LENC (345 approximately linearly with temperqture near room tempe(a—
K) (Ref. 39 is used with appropriate mass scaling, i.e. ture, as expected for a good metal, it shows nonlinearity with

0p(Dy) =0 p(Lu){M(Lu)/M(Dy)}*2 where M(Lu) and "temperature below 100 K and does not decrease as rapidly as

M(Dy) are the atomic masses of Lu and Dy, respectively.e_Xp,eCted from the conventional Bloch-@Garisen theory. A

This ~scaling yields ®p(Dy)~358 K, @p(Ho)~355K, similar observation has been reportedor YNi,B,C and

0p(Er)~353 K, and®p(Tm)~351 K. Values of calcu- LuNi,B,C. To determine the exact temperature dependence

lated from Eq ('3) with u*=0.15 andT* used asT, are of p(T), the low-temperature data for all four samples were
: : c c

tabulated in Table I. IfT; values are used, then values)of fitted to the power-law expression
decrease by about 0.02 for Dy, 0.04 for Ho, 0.03 for Er, and
0.03 for Tm. Use ofT or T; clearly neglects a proper ac-
counting for pair-breaking effects due to magnetic scatteringn the temperature interval 1.Z5 (or 1.2Ty if T\y>Tg)

in these alloys. Whilex(Er) agrees reasonably well with <T<0.10 using a least-squares fit procedure, with the
My(Er), the agreement between valueshoénd \,, for the  square of the correlation coefficient determining the good-
Dy, Ho, and Tm samples is not so good. However, a 10-ness of the fit. The temperature region above T.26r the

15 % disagreement betwear and\ is commonly found in  Ho, Er, and Tm samples, and T for the Dy sample, was
other superconductatswithout magnetic ions. The range of chosen to minimize the superconducting-magnetic fluctua-
A or \ values for the Dy, Ho, Er, and Tm samples estimatedion effects. The in-plang,, A, andp parameters obtained

in this work shows that these compounds are also moderatefyom the fit are given in Table I. Figure 3 showss T2 for
strong-coupling superconductors like Y/LyByC. A com-  the Ho sample, displaying the typical good fit obtained from
parison of these compounds with somel5 superconduct- Eq. (6). The present results show that the in-plane resistivity
ors which haveT. near 15 K, i.e., N§5n (T ;~17 K), of Ho/Er/TmNLB,C layered compounds does not follow the
V3Si (Te~15K), show that N\ values of DyNjB,C, T° or T2 dependence at low temperatures usually observed
ErNi,B,C, and TmNj}B,C superconductors are close to thatfor normal and transition metals. The in-plane resistivity of
of V5Si (A\=1.0) and much smaller than those of 8  the DyNiB,C sample shows &° dependence and is consis-

p(T)=po+ATP, (6)
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FIG. 3. Resistivityp vs T2 for HoNi,B,C over the temperature FIG. 4. Thermopowes of DyNi;B,C, ErNipB,C, HONiLB,C,
range 1.25, to 0.10,, and TmN}B,C single crystals as a function of temperature. Sym-
25, . .

bols are the same as in Fig. 1.
tent with phonon scattering. The exponeris close to 3 for
the Ho sample, but it is quite differenp{2) for the Er  magnitude larger than that expected for electron-electron
sample, which is similar to thep value observed for scattering®® rules out that mechanism for the magnetic su-
Y/LuNi,B,C,* and disordered, strong-couplir15 inter-  perconductor ErNB,C.
metallic compound®’ It is expected that the crystal-field
splitting, interband transitions, and other complexities in the
electronic structure of these compounds may produce some
temperature dependence in the scattering at higher tempera- Figure 4 shows the in-plane absolute thermopo®(r)
tures, resulting in a modified temperature dependence of th@s a function of temperature for the single crystals of
resistivity. The constanté\ for the Dy/Ho/Er/TmNjB,C  DyNi,B,C, HONLB,C, ErNi,B,C, and TmNjB,C from RT
samples differ by an order of magnitude, i.e.,t0 4 K. Figure 5show$(T) vs T below 20 K to display the
A(Tm)/A(Er)~10, A(Er)/A(Ho)~10, and A(Ho)/A(Dy)  detailed behavior of the thermopowers near the supercon-
~10. The constank for Ho is of the same order of magni- ducting transition temperatures. The absolute thermopower is
tude as found for Y/LuNB,C,?®%°but the coefficienfA for ~ negative for all the three samples from RT to just abbyat
Er, which shows the sanE dependence as Y and Lu, is an Which it rapidly falls to zero within the measurement accu-
order of magnitude larger than that for these two compoundsgacy. T determined this way is withir- 0.5 K of that deter-
The constan (as well as the exponemb is quite sensitive mined by the resistivity measurements. The sharp fa8 tf
to the temperature interval used to fit the data to @&). zero atT. also confirms the good quality of the samples.
Therefore, it is necessary that the fitting temperature intervalVhile the temperature behavior of the thermopower of
be stated explicitly for the determination of the constarsts ~ HoNi,B,C, ErNi,B,C, and TmN}B,C nearT, is similar to
well asp, which has been done clearly in this wotkalues  other RNi;B,C (R=Y, Lu) superconductor¥, the Dy
for p, and A for TmNi,B,C are incorrectly printed in Ref. sample shows strikingly different behavior in the tempera-
28, but the value is correctly given. Thus the tempera-
ture dependence of electrical resistivity &Ni,B,C (R
=Y, Lu, Ho, Er, Tm layered compounds, in the temperature
interval 1.257 (or Ty if Ty>T3)<T<0.10,, does not
follow the predictions of the conventional theories for simple 0.0+
normal or transition metals. The resistivity of high-A-15
intermetallic compounds and highly disordered metallic sys-
tems, whether superconducting, magnetic, or normal, has

g N o
been found to vary as=T2, similar to that observed for >5 %ﬂ ({{;’% °
[#5] a

B. Thermopower

10 1 1 1 1

Er/Y/LuNi,B,C single crystals. Gurvitcl has proposed that
strong electron-phonon coupling together with high disorder e Tm

can explain the'? dependence in tha-15’s and disordered 30 \%MA L
Er

/

alloys; however, the samples investigated here and
earlief®% are not highly disordered, although they are lay-
ered compounds and moderately strong-coupling supercon- -4.0 - T T T
ductors. AT? dependence is also associated with an electron-
electron scattering mechanism, but the fact that the T (K)

coefficientA for Er is an order of magnitude larger than the

value for Y or Lu, which is already two to three orders of FIG. 5. Low-temperature data from Fig. 4.
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ture regionT . <T<Ty (Fig. 5. At T=10.4 K, S(T) sud-
denly increases in magnitudeemaining negative though
and produces a kink at this temperatureSins T data. The

net change ir5(T) is ~0.8 uV/K before it abruptly falls to
zero atT; (=6.0 K). The temperaturé~10.4 K is identi-

fied as the Nel temperaturély at which the antiferromag-
netic ordering takes place and agrees with the temperature at
which the sharp drop in the resistivity occurs. The increase in
the magnitude of the thermopower beldy is related to the
contribution from the ordered antiferromagnetic magnetic
state of the crystal. Similar behavior has been observed in -0.204 IE'

S/T(uV/K?)

other antiferromagnetic metallic systems, e.g., thulium single

crystals’ The Ho and Er samples do not show this striking -0.25 T T r T T
change in the thermopowgor the resistivity because their 0 50 100 150 200 250 300

Neel temperaturedTy(Ho)~5 K and Ty(En~6.8 K] are T(K)

smaller than their superconducting transition temperatures

T.. The negative thermopower for all the three samples sug- FIG. 6. S/IT as a function of temperature for Dyj,C,
gests that the charge carriers in these compounds are in &fNi;B:C, HONL,B,C, and TmNjB,C single crystals. Symbols are
likelihood electrons, in agreement with the band structurdh® same as in Fig. 1.

calculation$>** on the similar borocarbide compound
LuNi,B,C.

In free-electron-like metals, the diffusion thermopower
which is proportional tol' should be the major contribution

The thermopower of these samples is linearTimear .
room temperature within the measurement accuracy simil fo the _total thermopov_ver. For magnetic compounds the
a]&Iordhem—Gorter rule gived

to free-electron-like behavior. Room-temperature values o
thermopoweIS(RT) are given in Table I. The magnitude of S=(po/p)So+ (pph! P) Spnt+ (Pspal P) Sspes )
S(RT) is about the same as that of some transition metals o

like palladium, but it is somewhat larger than the typical WN€r€So, Spn, and Sy, are the contributions to the ther-

value associated with free electron and conventional metalé‘?odpowfer ((jj_ue ;0 |mpug[ty scattering, :‘_,cattermg by pho(r;ons,
which is not surprising since Ni is a major constituent of the@NC spin-disorder scattering, respec vedy.po, ppn, an

compounds and Ni@ bands mainly determine the electronic Pspgrepresent the total resistivity, _the residual resistivity, the
behavior of these compounds resistivity due to phonon scattering, and that due to spin-

The extrapolation of th&(T) data near room tempera- disorder scattering, respectively. In GgAIGdCy, and

. linedF d q & d GdNi,, the spin-disorder scattering contribution determined
ture, assuming a linear dependence 05, does not pass o 5 Nordheim-Gorter analysis was found to be linear in

throughS=0 atT=0 and gives large intercepts. These IN- temperature above the ordering temperatfisithough this
tercepts depend somewhat upon the exact temperature int¢&-not always the case observed for magnetic impurities, one
val between 100 and 300 K in whic®(T) is fitted, i.e., but  might expect a magnetic contribution that is linearTirfor

the interceptS for flttlng the different intel’vals for a given these Compounds_ Other mechanisms can Change the tem-
sample agree within 5%. The data in the temperature regioperature dependence of the thermopower from linear to non-
between 125 K and RT were fitted to a straight line for alllinear assuming that the linear part arises only from the dif-
four samples. The intercepts are3.79, —2.99, —4.29, and  fusion or magnetic contribution to the thermopower. There
—2.67 uVIK, respectively, for the Dy, Ho, Er, and Tm are always other contributions in pure metals, one of which
samples. The intercept value for the Er sample is strikinglyis the phonon drag contribution. A plot 8T vs T as in Fig.
similar to that reported for single crystals of YJB,LC 6 is often useful in identification of the additional contribu-
(—4.61uV/K) and LuNi,B,C (—4.34uV/K) samples®® tions. In Fig. 6,[S/T] vs T data for the Er and Ho samples
although the Y/LuNiB,C samples are nonmagnetic while almost overlap at higher temperaturds>(100 K) and those

the Er sample becomes magnetic at low temperatures, i.€gr the Dy and Ho samples are not very different either in the
the scattering contributions from the spin disorder as well asame temperature range. At lower temperature the similarity
crystal field splitting seem to be either absent or too small tdetween the data is much less, even though all show a nega-
make any difference between the intercepts for theive peak in the data, with Dy showing a second negative
ErNi,B,C and Y/LuNLB,C samples. The intercept values for peak betweey andT.. The shape of this peak for the Er
the Dy, Ho, and Tm samples are smaller than those fosample is very similar to that observed for Y/LyRjC,*
Er/Y/LuNi,B,C single crystals, with the intercept for the Ho which is quite surprising since the rare-earth—nickel borocar-
sample being about 30% smaller than that forbides with Y and Lu are completely nonmagnetic. The mag-
sc-Er/Y/LuNpLB,C samples? Similar intercepts inS vs T nitude of the negative peaks for the Tm, Ho, and Dy com-
have been observed for high- cuprate$' as well as for pounds are much less than that for Er, and the peak
amorphous metal¥. Although the reported magnitude of temperature for Dyhigh-T peaK is much larger than for the
such an intercept in amorphous metals is much smaller, ibther three compounds. The usual phonon drag contribution
can be as large in high; cuprates as that observed for for metals falls at low temperature as the phonons freeze out
single crystals oRNi,B,C.* and at high temperatures as the excess phonon momentum
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gets limited by phonon-phonon scattering. Typically, the 1 , . . , ,
phonon drag peak in conventional metals shoWs aepen-
dence below 0.B, and falls asT ! above~0.30p; i.e.,

at low and high temperatures, the diffusion thermopower be-
comes the dominant contribution to the total thermopower.
Since the samples are single crystals with relatively low re-
sistivities, such behavior should be expected. The data pre-
sented in Figs. 4 and 6 do not exhibit this typical behavior,
indicating that the phonon drag peak is either absent, too
small to be identified, or shows a much different temperature
behavior(to be discussed further belpwiheS/T curves are
instead similar to those for amorphous alltysr, except for
sign, many highF, cuprate superconductots.

The shape of theS/T] vs T data for the samples is simi- -5 T - - T T T
lar to that associated with electron-phonon renormalization 0 50 100 150 200 250 300
effects®® Electron-phonon renormalization leads to an en- T(K)
hanced thermopower that is given by

S-bT (uWV/K)

_ FIG. 7. S(T)-bT as a function of temperature for DyJ#i,C,
S=S[1+MDI, ® ErNi,B,C, HoNiLB,C, and TmNjB,C single crystals. The plusses
where \(T) is the electron-phonon mass enhancement pat+) represent the data for Lup,C from Ref. 30. Symbols are the
rameter ands, is the bare thermopowewithout renormal- same as in Fig. 1.
ization effect$. In this expression certain other corrections
have been ignored which are relatively small and can be Since all four samples show antiferromagnetic behavior at
ignored as a first approximatidf.Equation(8) is rewritten ~ Some low temperature, one might expect spin fluctuations to

as be present in these materials. In such a case(&ds modi-
fied to
S &
=7 [+, ©) S S
?:?[1+)\(T)+)\Sf]1 (10)

where\(T), the electron-phonon mass enhancement param-

eter, is maximum af =0 K and becomes smaller &is  where A is the mass enhancement parameter due to spin
raised, becoming almost negligible near RT and higher temfluctuations. ~ Neutron-diffraction = measurements  on
peratures in comparison with 1. A plot &/ T] vs T should,  ErNi,B,C (Ref. 4% suggest the possibility of an ordered
therefore, give a measure 8{T), and[S/T]1_o/[S/T]gr  magnetic moment on the Ni atom in the antiferromagnetic
should approximate £\ (0). Due to theonset of supercon- state, and the possibility of the existence of dynamically
ductivity and/or magnetic order, it is difficult to determine fluctuating moments in Ni was reported for TmR}C.*®

the ratio[ S/T]+_o/[ S/T]rT precisely. However, to get some However,\ 4 is not expected to have sufficiently large values
qualitativefeeling as to the importance of these renormaliza-which could explain [S/IT]+_o/[S/T]gr=6—8. Conse-
tion effects inS(T) for these compounds, tHe&/T] value  quently, electron-phonon renormalization effects do not ex-
just aboveT, is taken to bg S/T]1_ o as an approximation plain theS(T) data for these compounds.

for the Tm, Er, and Ho samples. Using these values of Itis clear that there is an additional term present for these
[S/T]y_( and values of S/'T]gt from Fig 6, estimated val- four compounds beyond the term linearTin This additional

ues ofA (0) are approximately 7.5, 4.0, and 2.5, respectivelyterm does not fit the behavior commonly associated with
for the Er, Tm, and Ho samples, respectively. The value ophonon drag in metals or electron-phonon mass renormaliza-
N(0) for the Er sample is similar to the one found for tion. To determine the contribution other than the
Y/LuNi,B,C single crystals from a similar analysis of “diffusion-magnetic” contribution which is proportional to
[S/T] data® and is unrealistically high in comparison with T, (S—bT) vs T for Dy/Ho/Er/TmNiLB,C single crystals is
the values ofz (0) for conventional superconductors includ- plotted in Fig. 7, wheré is the coefficient obtained by fit-
ing strong-coupling ones or to those obtained here eitheting theS vs T data to a straight line, i.eS(T)=a+bT, in
from the resistivity data),, or the McMillan equation(3),  the linear region(T~125K to RT). (S—bT) represents
N(u* =0.15). The same difficulty arises with the estimate ofcontributions to the thermopower other than the diffusion
A (0) for the Tm and Ho samples, although they are abouthermopowerand any other contribution which may be pro-
one-half to one-third of that for the Er/Y/LubB,C single portional toT). The surprising result of Fig. 7 is that this
crystals. A similar difficulty seems to exist in the interpreta- negative contribution is almost constant between 100 and
tion of the thermopower data of high: cuprates! although 300 K for the Ho/Er/Tm samplesSbT) for Dy shows a
Kaiser and Mountjo§? have shown that the thermopower of very weak temperature dependence in this range. Also quite
high-T. superconductors can be explained within the existingsurprising is the fact that3—bT) for the Er sample is prac-
metallic diffusion-thermopower theory if an anomalously tically identical to that found for Y/LuNB,C,*® both in
large electron-phonon couplingreater than bis assumed magnitude and in temperature dependence, as shown in Fig.
to exist, such as might arise from an anharmonic double-welf where the data for the Lu sample are also included for
potentiaf® in YBa,Cu,0,_;. comparison. Values ob=[dSdT]gr and (S—bT)gr at
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room temperature are included in Table I. Below 100 K, thisever, explain the small increase in magnitudesdbr Dy at
contribution §—bT) to the thermopower for the Ho, Er, and Ty, which is perhaps related to a change in the electronic
Dy samples varies approximately &&¢c/T), until the su-  structure due to magnetic ordering.

perconducting transition temperature at which it drops sud-

denly to zero for the Ho and Er samples, while in case of the IV. SUMMARY AND CONCLUSIONS

Dy sample the onset of the magnetic order changes the tem- |n_pjane transport measurements for RMi,B,C inter-
perature dependence drastically beldiy. For the Tm  metallics which exhibit the coexistence of superconducting
sample, §—DbT) is approximately constant down to about and magnetic order at low temperatuR= Dy-Tm) indicate
40 K where it increases sharply. many similarities with transport in the comparable interme-
From a conventional view this almost constant contribu-tallics which show superconductivity without magnetic order
tion (S—bT) is quite puzzling. Any contribution from pos- (R=Y, Lu), but they also show important differences. The
sible magnetic impurities is expected to be much smallebehavior of the high-temperature resistivity is very similar to
than that observed in Fig. 7. Recently, Trodatias pro- a comparable room-temperature coefficient of resistivity,
posed that the unusual temperature dependence of the thdiCR=p 1dp/dT, resistivity p, and transport electron-
mopower of highT. cuprate superconductors results from phonon coupling constait, . The low-temperature behavior
the phonon drag contribution, but with the assumption thaff p can be described by=py+ATP, with 1.4<p<3. The
the phonon-phonon scattering in high-cuprates remains temperature dependence of the thermopower can be de-
weaker than phonon-electron scattering, even at room tenficfibed by two terms, a linear “diffusion-magnetic” contri-
perature. He finds that the temperature dependence of tfition termbT and a second contributiof—bT, which is
phonon drag contribution to the thermopower of the high-Very Similar for the compounds witR=Y, Lu, Tm-Dy. The
T, cuprates is very similar to that shown in Fig. 6: i.e., it is COefficient b ‘increases systematically ~from b

— 2 — - _ 2
almost temperature independent between 100 K and RT, an@IDlO'4 n?//K f_ct)rr] tlf]_ Ld“ tg b= ZfS? nV/C|:< for R "
this constant value represents the saturation value of the phg-—Y scaiing wi € de Lennes factor. Lonsequently,
ese variations irb appear to be related to the magnetic

non drag thermopower. This kind of temperature dependenc ttering. Th ning t bT | imately i
of the phonon drag thermopower leads to a simple shift ofcattering. 1he remaining ter IS approximately in-
the linear diffusion thermopower between 100 K and RT'dependent of temperature from room temperature to 150 K

This particular behavior relates to the layered nature of highfor all of the compounds with a similar magnitude2.5 to

T, cuprates. Although the rare-earth—nickel borocarbides ar€4'8 #VIK, indicating that it does not arise primarily from

also layered compounds physically, it is thought that both thé"nagnetic scattering. To our knowledge this is the first system

electronic structure and the phonon behavior should be quitgf Ntermetallic compounds to show such a large, relatively

isotropic. Nevertheless, the possibility th&-<{bT) in Fig. 7 temperature-independent con_tribution to the thermopower up
is primarily due to phonon drag with the phonon—phononto room temperature. A possible e>_<pla_nat|on would be satu-
scattering remaining much weaker at room temperature thal t'zn h?g fthi_ phh_clj_non dr?g ﬁ%nt”put'lon.t ali tpropos:[ed by
electron-phonon scattering for these compounds is intrigu- roda or nigh-1 c cuprates. the simrarity between trans-
ing. portin t_he magnetic superconductor_le‘-F Er and the_ non-
Most surprising is that there is no clear magnetic signa-_magr.]etIC guperconductofﬁzY, Lu) is remarkablle.vylth an
ture, beyond the small increase Qu&/K in the magnitude identical T< temperature dependence of the resistivity at low
of S for Dy just belowTy, and the rather strong variation in temperature and essentially identical second contributions
the magnitude of the “diffusion-magnetic” termT where (S—bT) to the thermopower over the entire temperature

b=[dSdT]xy more than doubles in going from Lu to Dy. '2n9e aboveT.: i.e., the only difference is essentially the
The coefficient also scales with the de Gennes factor. Most/2rger value ob.
analyses of experimental data on these borocarbides have

assumed that the electronic structure is essentially the same

as that of Y or Lu for all of the rare earths. Thus, except for Work at Texas A&M was supported by the Robert A.
scattering from magnetic impurities, the diffusion ther- Welch FoundatioiGrant No. A-0514. Ames Laboratory is
mopowers should be identical in the high-temperature rangeperated for the U.S. Department of Energy by the lowa
The Nordheim-Gorter rulgEqg. (7)] provides an explanation State University under Contract No. W-7405-ENG-82. The
of the scaling of the coefficiedi with the de Gennes factor work at Ames was supported by the Director for Energy
since pgpq also scales by the same factor. It does not, howResearch, Office of Basic Energy Sciences.
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