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Superconducting properties of Y,Lu,_,Ni,B,C and LazNi,B,N3_4:
A comparison between experiment and Eliashberg theory
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Specific heat and resistivity measurements were performed on polycrystalline samples of the solid-solution
Y,Lu; _«Ni,B,C in order to determine thermodynamic properties such as the specific-heat diffAr€ndee
thermodynamic critical fieldH.(T), as well as the upper critical field .,(T). These properties were analyzed
within the Eliashberg theory including anisotropy effects, yielding electron-phonon coupling anisotropy pa-
rameteriaﬁ} ranging between 0.02 and 0.03 for the whole series, and Fermi velocity anisotropy parameters of
<bﬁ):O.245—0.3. Excellent agreement between theory and experiment was achieved for these parameters, the
Sommerfeld constant and model phonon spectra determined from specific heat measurements. An analysis of
the previously investigated boronitride {Ni,B,N5_ s for comparison revealed the electron-phonon anisotropy
to be of great significance in describing its thermodynamic properties and the calculations )('ma@led
=0.08 and| bﬁ>20.245. TheT . behavior within the series,Yu,; _,Ni,B,C is discussed in terms of the density
of states at the Fermi lev&l(0).
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[. INTRODUCTION Freudenberger et al® studied the solid solution
Y,Lu; _«Ni,B,C and showed, thak. exhibits a minimum at
The transition-metal borocarbide superconductorsabout x=0.5 with a T, depression of about 1 K. They
RNi,B,C with transition temperatures comparable to thosepointed out, that this feature cannot be described alone by
of the A-15 compounds(e.g., R=Lu with T,=16.5 K, disorder effects with the residual resistivity ratio as a mea-
NbyGe with T,;=23 K) are a subject of broad interest for Sure, and tentatively supposed the electron phonon coupling
research on intermetallic superconductors. Siegtisii! re-  Strengthi to be the origin of this behavior.
ported the crystal structure of tiNi,B,C superconductors W€ present in this paper investigations of the thermody-
to be a filled version of the ThgBi,-type structure stabi- N@mic properties and of the upper critical fiéld,(T) of the
lized by the incorporation of carbon, where,Rj layers are ~ S€M'€S %Lu, _xNi>B,C and the boronitride LaNi;B,N;_.
separied byRC lyers. In e relied compoung 112 S emberatie the specc st and e femoere
LagNi,B,N;_ 5, three LaN planes separate theBl layers.

Despite of the layered structure reminiscent of the cupratmeasureOI for all samples of the seried.f; - NizB,C and

. Prali, e results, including previous measurements of
superconductors, the electronic structure of the S'ngl?_a3NiszN3,§(Ref. 5, were analyzed using an anisotropic

RC.—Ia.yer_ borocarb-|des as well as the_ triple L.aN-.Iayer bO-model of thes-wave Eliashberg formalism. Considering the
ronitride is three dimensionaf Nickel-site substitutions on change in mass from Y to Lu in the series and different
both the borocarbides and the boronitride revealed similajattice properties of both systems, we used model phonon
electronic properties of the bands related to thd 3 spectra calculated from the phonon contribution to the spe-
electrons! cific heat and found these to be sufficient in describing both
At a first glance, the thermodynamic properties ofthe thermodynamic properties and the upper critical field of
LagNi,B,N3_ 5 seem to be close to the weak coupling BCS| a;Ni,B,N;_ s and Y,Lu; _,Ni,B,C. An analysis of the cou-
predictions; but standard single-band BCS theory cannot eXpling strength and electronic density of states in
plain the pronounced upward curvature of the upper criticay | u, ,Ni,B,C gives an insight on the origin of the dip in
field Heo(T) close toT.. If applied to the borocarbides, it T (x). Section Il presents details of sample preparation and
fails to describe both the thermodynamic properties and thgheasuring techniques and Sec. Ill shows the theoretical
upper critical field obtained from experiment. Shulgfzal®  phackground used for the analysis. In Sec. IV, an analysis of
analyzed the upper critical fieltl;o(T) of LuNi,B,C and  the experimental data in terms of the anisotropic Eliashberg

YNi,B,C in terms of the Eliashberg-theory using an isotro-theory is discussed and possibilities for fiereduction are
pic two-band model. An isotropic single band model cannotpresented. Conclusions are drawn in Sec. V.

reproduce the positive curvature ndarapparently, because

of the dominant role 9f anisotropy effects_in this system. Il EXPERIMENTAL

Recently, Dugdalet al.” presented an experimental investi-

gation on the Fermi surface of LupB,C, revealing that it Polycrystalline samples of Yu; _,Ni,B,C were synthe-
consists of three sheets. sized on a water-cooled copper grove by high frequency in-
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duction melting under argon atmosphere. The starting matesamples including LsNi,B,N5_ 5, although the RRR shown
rials are rare earth ingotsREY, Lu) (Strem chemicals, in Ref. 5 is only about 3, similar to the ‘“dirty”
USA: 99.9%, Ni ingots (Strem chemicals, USA: 99.9%  Y(Nig ¢Pt ) ,B-C for which ycH was reported. It is obvi-
crystalline boron(Starck, Germany: 99.5%and carbon in- ous that the grain boundaries of the polycrystalline samples
gots (Starck, Germany: 99.99%0A good homogeneity was strongly reduce the RRR value especially ihN&B,N3_ 5.
obtained by performing the following three steps of sampleFurther arguments for the extrinsic origin of the large re-
preparation(i) Nickel and boron were melted two timg&,)  sidual resistance, of LagNi,B,N;_ s will be given in con-
Rare-earth and carbon ingots were alloyed together whiléext with analysis of the experimental data in terms of the
compensating the carbon lo&k-2 % during the remelting anisotropic Eliashberg theofgee Sec. VI
stage. (iii) The two precursor alloys NiB andRC were
melted together. The buttons were broken and remelted for at . THEORETICAL BACKGROUND
least 12 times, and finally annealed at 1020 °C for at least
one week in evacuated quartz tubes. The phase purity of the
samples was checked at room temperature by applying x—ragf)
diffraction (XRD) in a Guinier-Huber camera using germa-
nium as an internal standard. The x-ray photographs of th
samples, indexed on the basis of the tetragonal crystal stru
ture of LUNiLB,C (space groupg4/mmm), show that the
samples of the solid solution ,¥u,_,Ni,B,C are almost
single phase with traces (_)leX_LuXBz_C_ZZ and Yl_XLng|4I3. [aZF(w)]k,krI (1+a,) @?F(w)(1+ay), 1)
According to the x-ray line intensities and optical micro-
graph investigations the total amount of these secondaryherek andk’ are the incoming and outgoing quasiparticle
phases is about 2—5 % in all samples investigated. momentum vectors in the electron-phonon scattering process
Specific heat measurements in the temperature range 1.%mnd a, is an anisotropy function describing the deviation of
160 K and magnetiC fields Upg T were carried out on 1-2 the anisotropic Spectra| functiorﬁazF(w)]k K’ s from the
g samples employing a quasiadiabatic step-heating techsotropic one,a?F(w), in the direction ofk. It has the im-
nique. The sample holder consists of a thin sapphire disgortant feature that its Fermi surface averégge =0 and as
(m~0.2 g with a strain gauge heater and a CERNOX tem-gpjsotropy effects are rather small it is sufficient to keep only

perature sensor. The field calibration of the latter has beefe mean-square anisotro@ﬁ) as the important anisotropy
performed against two GaAlAs resistivity thermometers andparameter.

a capacitive SrTiQ sensor. Four point r_esistivity Measure- - The theory ofH,(T) for anisotropic polycrystalline su-
ments were performed in fields up ® T in order to deter- - perconductors in a separable model scheme was developed
mine H.,(T) by means of a midpoint criterion. The transi- by Prohammer and Schachind@it employs the separable

tion widths according to a 10 and 90% criterion areangatz for the anisotropy of the electron-phonon interaction
indicated by error bars in the figures containing the uppegng the ansatz

critical field obtained from the experiment.
The characterization of  the polycrystalline —(1+b 2
Y,Lu;_,Ni,B,C samples with respect to their residual resis- Ve k= (1F B {ve), @

tancepy and the room temperature residual resistance ratiQyhich describes the anisotropy of the Fermi velochy;is
(RRR) [=p(300 K)/p(17 K)] turned out to be rather prob- an anisotropy function defined the same wayaas The
lematic, because our well annealed samples are rather bntt[gaf:,per critical field is then described by the set of equations
and partly textured. Thus, we had difficulties to obtain repro-27)—(30) in Ref. 14 and thermodynamic properties of the
ducible and reliable RRR values ranging between 10 and 48grocarbides were calculated using E63)—(37) of Ref.
(RRR=10 for x=0.5 and 0.8, RRR 12 for YNi;B,C, 16 14 N-band models have been extensively studied as a tool to
for x=0.1 and 43 for LUNiB,C). The RRR value of 43 for gescribe anisotropic features of superconductors. Shefiga
LuNi,B,C is twice as large as typical single crystal valuesy| 8 applied the two-band modél ., equation® to their ex-
(see, e.g., Ref.)9 For YNi,B,C, however, we got a much perimental results and were able to describe the experimental
lower value of just 12 although its thermodynamic meangata with the corresponding equations. Thus, the separable
transition temperaturel;=15.56 K (see below is even  model employed in this work can be described in its simplest

slightly higher thanT.=15.4 K of a high quality YNiB,C  form by a Fermi surface split into two half spheres of equal
single crysta® with RRR=37. The upper critical fields weight

Hq(T) of these YNiB,C specimens match to each other

despite of the different RRR valug¢sompare Fig. 11 of this P(a)=&(—a)l2+ 8(a)/l2, (3)
work with Fig. 4 of Ref. 10. In the latter paper Nohara

et al!% reported that the Sommerfeld valgeof clean limit  with radii r +a, if r is the radius of the equivalent isotropic
YNi,B,C and LuNyB,C exhibits ayH dependence which Fermi spheré® Using the Fermi surface harmoni¢ESH
changes to a linear relatiopecH in the dirty limit. We note, notation introduced by Allef® Daams” observed that this
that we found an approximatexH dependence in all our separable model was equivalently described by a restriction

Anisotropy effects have to be considered in the descrip-
n of the experimental results fot.,(T) in order to obtain
satisfactory agreement between theory and experiment.
Daams and Carbottk applied the separable model intro-
duced by Markovitz and Kadandffto describe an aniso-
?r'opic electron-phonon interaction spectral function within
Eliashberg theory
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critical field H¢,(T). Both Fermi-surface sheets were weighed with
FIG. 1. Influence of different weights for the two Fermi-surface the same factof1:1). The experimental result for LubB,C is

sheets on the upper critical fiektl,(T). The numerical result in the  |abeled with open circles.
case of equal weight§l:1) is a fit to the upper critical field of
LuNi,B,C with (a?)=0.02, (b?=0.25, and(vg)=0.280x 1P
m/s. Dch(t) is depicted in the small inset. ) ] )

signs ofay andb, in same sheets] ., ,(T) is reduced com-

pared toH,;(T) (Fig. 2). Opposite signs within same sheets
to zeroth-order FSH in each of the two subregions of thedive rise to an enhancementlidt, , overHg,; . In this case,
Fermi surface. According to her work, the separable modelhe reduction ofH.,,(T) due to the influence ofb?) is
applied in our analysis corresponds to a two-band model icompensated by the electron-phonon interaction anisotropy.
which the two Fermi surface regions have equal weight. It iSBand structure calculations can give a good estimate for the
of course also possible to define different weights for the twayeight and the relative signs af, andb, in the correspond-
regions, thus changing the distribution functi¢®), but ing regions of the Fermi surface. Dugdaleal.” were able to
Daams’ demonstrated that in the case of weak anisotropyshow that the Fermi surface of LUupB,C consists of three
the influence of different weights in a separable model is okheets without giving the weights belonging to the Fermi
negligible significance for the thermodynamics of aniso-gyrface regions. The third one is a small electron pocket
tropic superconductors. centered aF', which compared to the other two sheets can be

h Sk Icase ?lf the l#pper pritical fi(;ld a_lr_1y deviation frhom regarded to have a negligible effect by, if considered in
the equal weight configuration causks,(T) to approac the theoretical calculations.

the isotropic case as is demonstrated in Fig. 1. The deviation With the knowledge of the Fermi surface consisting of

function in the inset of Fig. 1 two dominant sheets and the shape of the experimental upper
Hepa(t) critical field favoring opposite signs @f, andb, within the

c2at’’ _ same sheets, we used equal weights for the two Fermi sur-
face regions and opposite signsagfandb, in the following

demonstrates the deviation of the upper critical field of ananaly3|s. Numerical results fdfi,(T) showed that in the

. . -, ) case of both anisotropy functions having the same signs, the
anisotropic syste_nh-lcz,a(T) from the upper critical T'eld of mean Fermi velocityvg) needed to fit the experimental data
an isotropic, equ[\/alent.systemc_z,i(T). The numerlcall ' deviates significantly from the value determined from the
sult for equal weightg1:1) was fitted to the upper critical | f i Th ffoct is ob d
field of LUNi,B,C to fix the parameter¢a?), (b2), and Paoma frequency. 'he same eliec Offve) Is observe

272 . _ XKk ATk with different weights of the Fermi surface regions.
{ve). The mean Fermi velocityv) and its anisotropy pa- Finally, impurities are treated in Born’s limitwhich as-
rameterb?) were used to fit the experimental data n&ar

> : sumes the impurities to be randomly distributed and to be of
and(aj) was changed to descritbt.,(T) at lower tempera- gjjute concentration. In such a limit impurities are character-

tures. With these parameters, we calculated the upper criticgeq by a scattering rate” which is proportional to the im-

field for different weights of the Fermi sheets (@:to in-  pyrities’ concentration. Their main effect is the smearing out

vestigate the change in the behaviolHhf,. Obviously,He,a  of the electron-phonon interaction anisotropy resulting in a

approachesi;,; as one of the two sheets becomes dominan|ight reduction ofT,*? an enhancement 1., at low tem-

in weight and this is indicated by a flattening D, (t). peratures, and a reduction of the high-temperature upward
The relative signs o#, andb, in the same Fermi-surface curvature ofH,, as was demonstrated by Welsral* for

sheet is also of importance to the analysi$igf. With same  Nb.

Dch(T/TC):Dch(t): chyi(t) (4)
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f. IdFIG' 3. Cp/T vs T plot for YylLu,_,Ni;B,C at zero external FIG.4.C,/T vs T2 plot for Y,Lu; _,Ni,B,C at an external field
ela. of B=9 T. The straight dashed lines indicate the extrapolation of

the data toT—0.
IV. RESULTS AND DISCUSSION

A. Results of the specific heat measurements phonon density of state®DOS in a previous papet’ The
- . low-energy part of our model spectra were well confirmed by
.t:]'he_ S)V\gtfr%pgrfgge sgelclﬂc heat ffém1';¥N'2§2% A INS while the high-energy part is, of course, just a crude
with x=0, 9.4, 1.5, 1.5, and 1 1S presented in FIgs. 5—o. .ndescription which does not give the real details. Neverthe-
_extgrnal fieldof 9 T was applied to suppress superconductlvl—ess, the moments of these spectra are in remarkable agree-
'iycm o(r:der_tonete_:_Tmehthe nqrmr?l sState hee;t l(éapamy ment with those calculated from the INS results. As the fol-
=Cet dph_.y TB d, w ire?/ Is the Sommerfe | par?mr; lowing discussion of superconducting properties in terms of
eter andg Is related to the ow-temperature value of the y,q Eliashberg formalism requires primarily details of the
Debye temperature. From the specific heat data In the normf’éw—energy PDOS we evaluated the variation of the low-
and _s;gpercont_:iuctmg sta(€igs. 3 and Jwe (_Jbtamed the energy phonon modes within the seried ¥, ,Ni,B,C by a
specific heat q_lfferencAC=Cs— Cn and.usec.il|t to _calculate similar procedure as explained in Ref. 20, i.e., by fitting the
further quantities as the thermodynamic critical fitle(T) o ma) state specific heat measured from 2 to 160 K with a
and its deviation functioD(T) [Egs. (9), (10)], which are 0 qq PDOSF (w), which is of the form
compared to numerical results obtained with Eliashberg

theory as discussed below. The extrapolation of the normal 302

state specific heat t—0 shown in Fig. 4 with the range of F(w)=3R( 2w 0(w)O0(Qp— w))
extrapolation starting at-30 K? revealed the Sommerfeld Q3D

constants of the series,lu; ,Ni,B,C ranging from vy 3

=18.5(2) mJ/mol R for x=0.8 to 20.62) mJ/mol K for x S oR 1 B (0—Qg)?
=0. The values for the other compounds within the series +i:0 9i Wex 202
are 19.73) mJ/molK¥ (x=0.1), 18.73) mJ/molk® (x ' '
=0.5), and 19.®2) mJ/mol K (x=1). A comparison of the

Sommerfeld constants of the border phases @,1) with X 0(w—wp) (Qez— o) |. 6)
those of Ref. 20 reveals abottl mJ/mol K higher values

of  in this work, with about the samig; for LuNi;B,C but 5 this formula 6(x) is the well-known step functionig

a higher one for YNiB,C compared to previous results. The _ 4 3 mey in order to avoid a finite spectral density at zero
difference in these properties may be explained by the hoénergy' o, are the widths of the Gaussians agdare the
mogeneity range achieved by different methods used to pregeights of these contributiong.e., the number of the con-

pare polycrystalline materiafs. tributing phonon branchesThe Debye spectrune{w?) rep-
resents the spectral weight of the three acoustic branches and
B. Spectral function and coupling strength the Gaussian contributions account for the 15 optical

The large mass difference between Y and Lu causes ranches. The free parameters are the Debye cligfaind

significant change of the low-energy phonon frequencies jihe Gaussian peak posmoﬁ&i, respectively. In order to fix
Y,Lu; _,Ni,B,C while high energy phonon modes are @ high-energy limit of the model spectrum, the Gaussian con-
hardly affected by the rare earth substitution. The latter wa#ibution with the highest energy(Xg ) was cut off at the
shown by inelastic neutron spectroscap)S) results on Y  peak position andj; is accordingly doubled in Ed5). The
and LuNpB,C reported by Gompegt al?® Similar conclu-  parameters applied in E¢) are summarized in Table I. The
sions were also obtained from the lattice heat capacity obnly difference with respect to the model spectra shown in
RNi,B,C (R=La, Lu, and Y analyzed by means of a model Ref. 20 is the splitting up o!f)E1 with g;=1.5 into two parts
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QEO andQEl with go=0.3 andg,=1.2, respectively, which .
was motivated by the shape &) obtained by INS on 0.03 -
YNi;B,C (see Ref. 2P On the other hand we now fixede, 3

to 103.4 meV(equivalent to 1300 K Kkg) in order to keep 0.02 b 4
the number of parameters small. Only fop ¥ ug sNi,B,C
we applied a slightly modified spectrum withy=0.7 and
0,=0.8 compared to 0.3 and 1.2 given in Table I, because of 0.01 - -
the fifty to fifty ratio of Y and Lu in this sample.

Adjusting the model spectra to the lattice heat capacity 0.00 | | | | | |

via 0 10 20 30 40 50 860 70
(a)/ZT)Z @ [meV]
sink(w/2T)

a
HWoX MMM
|

Cph(T)=RfomdwF(w) (6)

FIG. 6. Model phonon spectra obtained from the phonon contri-
bution to the specific heat. The spectral densitié (w) used in
we obtained the model spectra shown in Fig. 6. This procethe analysis of YLu,_,Ni,B,C were obtained by applying a cou-
dure provides a satisfactory description of #g(T) data  pling function o?(w)~w 2 to the model PDOS. The three-
from 2 up to 160 K(up to 300 K for the border phases dimensional plot shows the evolution of modesxvsf F(w).

The phonon contribution to the specific heat yields infor-
mation onF(w) rather than om?F(w). Therefore, one is
led to introduce an assumption on the form of the electron
phonon coupling functiorr?(w). Junodet al? suggested a

tribution above the low-temperature Debye frequemﬁf ,
and is expected to get more negative for an anisotropic sys-
function a2(w)~ w® in a first approximation and found the .tem.. Iq _the case af=—1 the calculayed deviation function
exponent to bes=—1/2 for a large number oA15 com- IS significantly larger than the experimental one and a con-
pounds by comparing the experimentally determined mosistent description of the thermodynamic properties ldpgl
ments of #2F(w) with tunneling data. We calculated the is impossible because of the large anisotropy parangefgr
thermodynamic properties of the borocarbides usis, necessary to describe the thermodynamic properties.
—1/2, and—1, and found the exponest= —1/2 to be the The spectra were cut off at the local minimum of the
best choice for the theoretical analysis as in the case of themodel phonon spectra at~68 meV. Starting at this energy,
A15 compounds. It was impossible to describe the experithe phonon spectra determined by Gonepfal?? using in-
mental data usings=0 because the theoretical deviation elastic neutron-scattering techniques have a wide interval,
function D(t) already lies below the experiment for an iso- where the PDOS is zero. The next optical contributions to
tropic system, as a consequence of the large Gaussian Copfw) start at~100 meV, and it is not very likely that elec-
trons still considerably couple to phonons at these energies.
TABLE |. Parameters of the model spectrum. With the coupling function having the formxz(w)
=aw 2 the model spectra shown in Fig. 6 were weighed

cont Qo Qe Qe O e, (cutoff with a functionw 2 and were rescaled with a constario
free free free free  103.4 melfixed) give the corresponding critical temperaturds of the
o; (meV) 1.6 1.6 12.1 25.9 samples for a fixed pseudopotentialgf =0.13. The model
o; 3 0.3 1.2 8.5 5 spectral functions give electron-phonon interaction mass en-

hancement factors
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TABLE Il. Parameters used for the calculation of thermody- R2 T | . . | |
namic properties of YLu; _,Ni,B,C. The mass enhancement factor
or elt_actron-phonon coupling factar, the number of atoms in a o1 L O experimental vy i
certain volumen,, and the Sommerfeld constant used in the the- .
oretical description y., are compared within the series o i § e theor. fit to H_
Y,Lu;_,Ni,B,C. Moo i
o
X T, [K A na [107%cn?® mJ/mol K g
: [K] al 1 %l LSl |
0 16.01 1.220 9.405 19.7 S
0.1 15.56 1.182 9.382 18.9 — 18 L i
05 1490  1.058 9.263 18.1 &
0.8 14.68 1.018 9.220 18.0
17 I I I | | |
1 15.45 1.017 9.175 18.6 0.0 0.2 04 0.6 0.8 10
X
© CYZF(LL)) . . -
A= zf dew ) FIG. 7. Sommerfeld constants used in the theoretical description
0 w compared to those obtained from specific heat measurements.

between 1.02X=1) and 1.22X=0). \ does not behave as were used in the numerical solution of the Eliashberg equa-
the critical temperature and descends monotonically from) g eq

LuNi,B,C to YNi,B,C as a function ok, without showing a f[ions in the clean limitimpurity sc_attering rate* =0). This
minimum, which indicates that it cannot account alone, if at®> of course only a+rough approximation and the correspond-
all, for the depression of ;. within the series. ng scgtte_rlng raFe should be Qetermlned fr."”?be reduc-
tion with increasing concentrations of Born limit momentum

scattering impurities? As it was not possible to perform this
type of experiment with the present samples we investigated

With the set of parameters given in Table II, the thermo-the influence of impurity concentration theoretically and re-
dynamic properties were calculated for all samples. Thellized that in order to stay within the constraints of the
number of atoms in a volume of 1 émn,, was calculated known experimental data” had to be rather small and there-
from lattice parametera and ¢ of the tetragonal structure. fore we regarded the clean limit to be an acceptable approxi-
The Sommerfeld constants obtained from the experimenmation. As the coherence length is rather short in these ma-
Yexps are slightly greater than the theoretical valugs, terials the clean limit is always a good approximation. The
needed to fit the experimental results for the thermodynamicesults of our theoretical study of different spectral functions
critical field H.(T). The latter is calculated from the experi- @?F(w) and of the influence of impurities on the thermody-
mental data by integrating the difference between the zeroiaamics as well as o, will be the topic of a separate,
field ard 9 T measurement, i.e., any normal state contribuforthcoming publication.
tion to the zero-field heat capacity cancels outAif=Cg Figure 8 depicts the comparison between experimental re-
_Cn; C(0 T)—C(9 T) which is used in the analysis below. sults and theoretical predictions for LuB,LC. The top
Nevertheless, a normal state contribution, which is elimi-rame shows the specific heat difference between supercon-
nated inAC, will strongly influence the experimental result ducting and normal stat&C(T) = C(T) —C,(T). Theoreti-
for the temperature dependence of the electronic specific he&@! calculations were done for an isotropi@g)=0) and an
in the superconducting sta@.4T), obtained by subtracting anisotropic case(@)=0.03), and results with anisotropy
the phonon contribution from the zero-field data. We noteparameters between these values lie in between the numeri-
that the y value due to a small amount of impurity phase cal results of Figs. &-8(c). Considering impurity scatter-
obtained by extrapolating the zero field data i€& vs T>  ing would bring the results of an anisotropic calculation
plot to T—0 vyields, e.g., for YNiB,C v,,~0.4(2) closer to the isotropic case.
mJ/mol K which is significantly smaller thanyeyx,— ve The thermodynamic critical fieldH.(T) is calculated
~1.1 mJ/mol K. For all other samplesy;, is found to be ~from the free energy differenciF
even closer to zero, bute,,— v, is still about 1 mJ/mol [
(see Fl_g. 7. Thus, the average difference of about 5% may H.(T)= \/m’ (8)
be attributed to an intrinsic effect, namely, to the contribu-
tion of the small electron pocket, for which de Haas—van
Alphen measurements performed by Terashinal? re-
vealed the superconducting gap to be much smaller than on
other parts of the Fermi surface. For a further discussion of
the temperature dependence Gf{T) see below(Sec.
IV F).

In the description of the thermodynamics and the uppeStrong coupling and anisotropy effects can be observed in
critical field of Y,Lu;_,Ni,B,C the model spectra of Fig. 6 the deviation function of the thermodynamic critical field

C. Thermodynamic properties andH .,(T)

and the specific heat differendeC is related toAF through

_ _PPAF(T)
AC(M)==-T—=— 9
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120 T T T T T T =5 ' ' ' ' '
100 |- 7/ a_| e
—_ . 20 | -
¥ 80 | o experiment ? ] experiment
3 --— isotropic $ ° — s d
éGO—  <a®> = 0.03 o | f 151 x = 0.1 + 15 mJ/gat K 9
B 7 g
— 40 o ~
E o g 10+
o20 . =
' 8 >
- [ L
o 0 Qo S 5
<
-20 ' L
300 T T L= 0 ----isotropic
b i — <a®> = 0.03
250 7 -5 1 I 1 1 I 1 1
0 2 4 6 8 10 12 14 16
= 200 — T [K]
,E, 0 experiment
£ 160 - --- isoiropic N FIG. 9. Specific heat differencAC(T)=Cy(T)—C,(T), of
o 100 — <a > = 0.03 Y,Lu; _,Ni,B,C with x=0.1, 0.5, 0.8, and 1 compared to theoret-
I ical calculations for an isotropic and an anisotropic case yafh
50 |- _ =0.03.
0 1 | 1 1 S o _
a7 T T F T T T ] effects push the deviation function towards the weak cou-

T pling regime as shown in Fig(&. Even with the large error
bar attached to the experimental data, it becomes obvious
N that the BCS result is far off with its minimum at about

- —3.7%.

i The upper critical fieldH .»(T) was fit to the experimental
data by describing the positive curvature Bt with the
Fermi velocity anisotropy parametébﬁ) at a fixed mean
Fermi velocity(vg), and by changing the anisotropy param-
eter(aﬁ) of the electron phonon coupling strength to de-

D(T) [%]

300 T T T T T T T

250

200

150 0.1

L4 0.5
. — 100 - . . 4
2 experiment 2 _ E --—-lsoztroplc
--- <a_>=0.02, <b_>=0.250, v,=0.28 — 50 L —<a>=0.03 i
2 2 F —
— <a >=0.03, <b >=0.245, v=0.29 =
0 | | | | I | | o’ 0 I I 1 L y
0 2 4 6 8 10 12 14 16 S T T T T T T T
T [K] 250 _______ Ly -
FIG. 8. Specific heat differencAC(T)=C4(T)—Cy(T) (&, 200 |
thermodynamic critical fieldH (T) (b), and deviation function
D(T) (c) of LuNi,B,C compared to theoretical calculations for an 150 i

isotropic and an anisotropic case W(mﬁ)ZO.OS. The upper criti-
cal field (d) is a fit to the experiment with anisotropy parameters 100

(a2)=0.02 and 0.03. ----isotropic
50 | —<a’> = 0.03 -
HC(T) T 2 0 | | | | |
D(T)= RS (10) 0 2 4 6 8 10 12 14 16
H(0) Te
T [K]

Error bars of the experimental deviation function result from  FIG. 10. Thermodynamic critical fielth,(T) for the samples
experimental error bars of the specific heat data and primawith x=0.1, 0.5, 0.8, and 1 compared to theoretical calculations for
rily from the extrapolation ofH(T) to T—0. Anisotropy an isotropic and an anisotropic case witf)=0.03.
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8 T T

T T T T T
0O x=01

2 2
-———<az>=0.02, vp=0.28, <b2>=0.255 7
—<a >=0.03, VF=0429, <b >=0.25

r 8 x=05
2 2
1|----<a_>=0.02, v;=0.263, <b_>=0.275

. ——<a’>=0.03, v,=0.273, <b >=0.27
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HoH (D) [T]
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O x=08 I
7 R 2 | —_1.2 1 1 1 L
~---<a_>=0.02, v,=0.26, <b >=0.282 =L . , . :

ol ——<a">=0.08, v,=0.27, <b >=0.28 | 5 08

4 T —0.4 1~ O experiment B
sl i o8l " lSO;L!‘OplC |
— <a >I = 0.03

----<a->=0.02,¥,=0.265,<b_>=0.3
T ——<a’>=0.08,v,=0.275,<b >=0.295

0 | | | 1 | |

0 2 4 6 8 10 12 14 16
T [K]
FIG. 11. Upper critical fieldH, of YXqu_XNizBZC _with X 12 | | | |
=0.1, 0.5, 0.8, and 1 compared to theoretical calculations for an- 0.0 0.2 0.4 0.6 0.8 1.0

isotropic cases witfaZ)=0.02 and 0.03. T/T

scribe the behavior of the experimental curve at lower tem- _';'f' 0125 ggviatiznlfunctiorD(J/tTczhof Yxt'TL'll*X'\:iZ'?Ztc_ Wiﬂ;
peratures. The value ofvg) was taken from the X~°-0 52 9.5, and L compared to theoreftical caicuiations for an

; : ) ; N
experimental result for the plasma frequendywy, isotropic and an anisotropic case witf) =0.03.

= \/47re2v2FN(O)/3=4.O eV (see Ref. 1Bwhich results in a ((bz):0.118) and NpSn (<b2>:o.13). In comparing the
mean Fermi velocity (vg) of =0.28x10° mi/s for X epitioal fi i ‘ i ;

; 5 Y (UF, Lo . upper critical field of YN}B,C to that of Yy sLug gNi,B,C it
LgleBZC.. A regsonablg f|t20f the experm;ental data with i gpyious that the positive curvature Hf., at T is rather
this value is achieved witkaj) =0.02 and(bj)=0.25. Ac-  pronounced in both samples. If tiie reduction had been
cording to the thermodynamic properties, it would as well becaysed by impurity scattering the positive curvatureigf at
possible to apply a higher anisotropy parameter, {@&,) T_ would have been gradually reduced with increasing im-
=0.03. Error bars of the plasma frequency were not given irpurity concentration as was demonstrated by Wetiexi1*

Ref. 18, and a change of 0.81L0° m/s in(uv) is likely to be  in their analysis of polycrystalline Nb. Such an effect can

within the experimental error range. For an anisotropy pacertainly not be observed in our case.
rameter of(aZ)=0.03, one has to redud®?) and enhance
(vg) to compensate the change as depicted in the bottom D. T, reduction in the series Y,Lu;_,Ni,B,C

frame of Fig. 8. The error bars of the experimental upper

critical field result from the width of the transition in the with impurity scattering in terms of Eliashberg theory be-

resistivity data. cause this would require randomly distributed scattering cen-
Figures 9, 10, 11, and 12 show the results for the samples q y g

A : . ers. A substitution of Lu with Y or vice versa produces
with x=0.1, 0.5, 0.8, and 1. Thermodynamic properties anJmhomogeneities of the periodic potential only on the rare

Hp of the w2r10Ie series can be descrlbed_wn_h anisotropy, o Jattice site, so that a random distribution can only be
parametersa) between 0'02_ and (_)'03’ Wh'Ch is relatively expected with small substitutions up t6=0.1. If the T,
small compared to the Fermi velocity anisotrafbf) rang-  oqction should be explained by inelastic impurity scatter-
ing from 0.245 1o 0.3 and is comparable to the electronng expressed by the scattering rate it is restricted to the
phonon anisotropy parameters of LaA(Ref. 25, (&)  condition that the electronic properties of the system, as, e.g.,
=0.01), Nb(Ref. 14,(af)=0.0335) and is smaller than the N(0), remain unchanged, which is not the case in
anisotropy parameter of NBn (Ref. 26,(aZ)=0.08). The Y,Lu; _4Ni,B,C (see Fig. 18 Thus, theT.-reduction within
Fermi velocity anisotropy parameters ofMi, _,Ni,B,C are  the series cannot be attributed to inelastic impurity scattering
obviously higher than those of LaAl((bZ)=0.16), Nb  expressed by*.

The reduction ofT ;. within the series cannot be described
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T (Ref. 20 and is cut off at the local minimum at50 meV.
After applying a coupling functiona?(w)~ w® with s
=—1/2, the spectrum was rescaled with a constant factor to
give the critical temperaturel,=11.73 K and a fixed
pseudopotential u* =0.13. This results in a coupling
strength ofA =1.02. With the Sommerfeld constamnt=24
mJ/mol K2, the thermodynamic properties were calculated
I | for an isotropic and an anisotropic clean limit case with
144 L L I L (a?)=0.08 (Fig. 15. We note, that the clean limit approxi-
mation may, of course, be questioned because of the rather
high residual resistance reported in Ref. 5 where all data
used for the present analysis have been measured on one
individual sample. Supposing the higlh=9 «( cm to be
intrinsic, we had to consider an impurity scattering rate
=10 meV which, however, did not allow to find any reason-
able set of parameters describing the experimental results on
the upper critical field and specific heat. In the view of the
present Eliashberg approach, these data are compatible with
scattering rates™ <1 meV indicating that the higlp,=9
©Q cm of LaNi,B,N5_ 5 arises from scattering on the grain
boundaries rather than from an intrinsic scattering inside the
grains which were shown by high resolution electron micros-
copy (HREM) to be practically free of defects on the HREM
scale®

The upper critical magnetic field .,(T) shown in Fig. 15
was fitted with the anisotropy parameter obtained from the
analysis of the thermodynamic propertigg?)=0.08, a
mean Fermi velocityvg)=0.225<10° m/s and its anisot-
ropy parameter ofb?) =0.245. A fit to the experimental data
with an anisotropy parameter ¢&2)=0.06 is included for
comparison. The mean Fermi velocity obtained in the analy-
sis lies between the root mean square anisotrogi@s’)
x =0.292< 10° m/s andy/(v2)=0.148x 10° m/s calculated by
Singh and Pickett.In contrast to the borocarbides a consis-
tent description of the thermodynamic properties and the up-
per critical field can also be achieved wik0, which re-
sults in an electron-phonon coupling factor=0.87,

The density of stateN(0) (Fig. 13 was calculated using anisotropy parameter¢a;)=0.06 and(b)=0.27, and a
the bare Sommerfeld constapt = y/(1+\) and the num- mean Fermi velocity ofvg)=0.2x10° m/s. Different cou-
ber of atoms per cfn, in the approximatioN(0)xn,y*.  pling factors\ are obtained with different coupling functions
Unlike the electron-phonon coupling facter y behaves as  a?(w)~ w® (s=0,— 1/2) because, after rescaling the spectral
T, as a function ok, therefore accounting for a similar be- functions to obtain the critical temperature of the system and
havior of N(0). Hence, as\ decreases with decreasing Lu a pseudopotentigt* =0.13, the low-energy contributions to
content,N(0) shows a minimum between=0 and 1. Ob- o’F(w) are enhanced wits= — 1/2 compared to the case of
viously, the behavior off . results from an interplay of the s=0. The coupling factok obtained with the coupling func-
coupling strength of electrons to phonons and the density dfon a?(w)~° is in good agreement with the estimate
states at the Fermi level. The latter is most likely due to a&=vy/y,s—1=0.85. In general, both descriptionss=0,
band broadening arising from tlieion size mismatch which —1/2) require a higher value for the anisotropy parameter
washes out the maximum of the electronic density of stateéa?) compared to the borocarbides in order to describe the
at the Fermi energy. Thi(0) values of the unalloyed com- experimental data, because the agreement between theory
pounds YN}B,C (4.14 states/eVf.i.and LuNpB,C (3.94  and experiment improves with increasita?) as is clearly
states/eV f.|.agree closely with the values of 4.31 and 4.06demonstrated by the comparison with the specific-heat dif-
states/eVf.u., respectively, reported by Dies al?’ from  ference, the thermodynamic critical field, and the deviation

16.0
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FIG. 13. The critical temperaturg,, electron-phonon coupling
strength\, Sommerfeld constant, and density of stateN(0) as a
function of x for the series YLu; _,Ni,B,C.

calculations based on the density functional theory. function of LgNi,B,N;_ s shown in Fig. 15. The rather
) ) large anisotropy ofaZ)=0.08 further explains the tempera-
E. Thermodynamics andH ; of LagNi;B;N3— 5 ture dependence of the upper critical field ahg(0) of ~8

The model spectrum of L#i,B,N5_ 5 (Fig. 14 was ob- T comparable to that of LuNB,C, since(a?) has an en-
tained in a similar manner as the spectra of the borocarbiddsancing effect orH .

104508-9



S. MANALO et al. PHYSICAL REVIEW B 63 104508

0.5 —

R R .
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@ [meV]

FI_G. 14. Spec@ral density’F(w) used in the analys_ls of 0.0 0z 04 0.6 08 Lo
LagNi,B,N;_ 5 obtained from a model phonon spectrum, which was 2
rescaled to give the critical temperature of the sample 11.73 K
and for a fixed pseudopotential* =0.13. FIG. 16. Deviation functionsD(T/T,)=D(t) vs t> of
Y,Lu; _,Ni,B,C and LgNi,B,N;_5. The BCS resul{solid line)

F. Comparison of Y,Lu;_,Ni,B,C and LagNi;B;N3_ 5 was added for comparison.

The most distinctive feature of the borocarbide and bo-
ronitride superconductors pointed out in previous pa&rs the heat capacity in the superconducting state—cubic in case
is the temperature dependence of the electronic specific heat the borocarbides—cannot be explained by our Eliashberg
in the superconducting state: While Y and LuBjC exhibit  calculations which fit the specific heat differena&=Cg
an almost cubic temperature dependence @f4T), —C,, but not the absolut€ .4 T), of, e.g., YNy,B,C de-
LagNi,B,N;_ 5 shows an approximately exponential behav-picted in Fig. 17 as a semilogarithmic plot 6f¢/yT. ver-
ior of C.T) close to the BCS predictions. Thus, sus the inverse reduced temperatligd T. As the gap ob-
LagNi,B,N;_ 5 was supposed to be a weak-coupling BCStained by the above calculations is free of nodes, it yields an
superconductor, because other characteristics of the supexponential temperature dependence @g(T) which be-
conducting state of the boronitride such as the thermodyeomes linear in the semilogarithmic representation. This is in
namic ratiosle.g.,AC/yT.=1.4) and the deviation function contrast to the experimental result for YB,C which ex-
D(t) (see Fig. 16 were also found to be much closer to the hibits a pronounced curvature in this plot indicative for a
BCS predictions than those of the borocarbides. The abovgower law. In Sec. IV C we noted, that a satisfactory descrip-
analysis of the thermodynamic properties and the upper critiion of the thermodynamic properties of the borocarbides and
cal field, however, demonstrates that the difference betweeim particular their thermodynamic critical field is only
the thermodynamic ratios and the deviation function of theachieved when the calculations are performed with gamma
borocarbides and the boronitride arises from a larger anisotralues of about 5% smaller than the experimental values. By
ropy of the electron-phonon interaction in the latter ratheradding a linear contribution corresponding to the 5% of the
than from a smaller coupling strengti\£0.87 or 1.02 normal state gamma valué@.1 mJ/mol K¥) omitted before,
for LagNi,BoN;_ s compared to A=1.02-1.22 for animprovement of the temperature dependence of the calcu-
Y,Lu; _4Ni,B,C). The different temperature dependence oflated C.T) is achieveddashed line in Fig. 17 These ad-

¢, — C(T) [mi/g-at K]

(T) [7]

80
50
40
a0
20
10

L o experiment

--- isotropic

176 T T T T
150

=125
—100

B
o experiment 9y
--- isotropic

FIG. 15. Specific heat differenc&C(T)

I — —_— = —
0 5 _ ::zi _ g'g: =C4(T)—C,(T), thermodynamic critical field
S | L &5 ’ ] H.(T), and magnetic deviation functidn(T) of
10 — | oF = 2: — LagNi,B,N;_ 5 compared to theoretical calcula-

O experiment

<a:>=0<08
<b >=0.245

vp=0.225

8
T [K]
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vp=0.214 experiment with anisotropy parameter@g)
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' ' ' ' ' ‘ 7 cordingly the conclusions concerning the reduced gap on the

© Experiment: 7 = 19.7 mJ/mol K* | third Fermi surface sheet can also be drawn for
1 = Eliashberg—Theory: E YXLU]_,XNiZBZC.

e — 7, = 18.6 mi/mol K ]

B - = 7, + 12 mi/mol X’ ] V. CONCLUSIONS

| v Nohara et al. single crystal b . .
001 - Model phonon spectra obtained from specific heat mea-
XN E 3 surements, rescaled to give the critical temperatures of the
K C ] system and for a Coulomb-pseudopotential value udf

r 1 =0.13, resulted in coupling strengthsranging from 1.02

0.01 | - for YNi,B,C to 1.22 for LUN;B,C. We were able to show

£ \_j that a consistent description of the thermodynamic properties

© YNiB.C y and the upper critical field of the seriegs1; _,Ni,B,C and

i &e ] the boronitride LgNi,B,N;_ ;5 within the Eliashberg theory
0.001 . é . p is achieved only, if anisotropy effects of the electron-phonon

* T /T ° 6 coupling and of the Fermi velocity are included. Excellent
agreement between theory and experiment was achieved in

FIG. 17. Electronic specific heat in the superconducting statedhe analysis of the series,lyu;_,Ni,B,C with anisotropy

CedT)/¥T¢ vs the inverse reduced temperatdfg/T in a semi-  parameters(aZ)=0.02—0.03 and(b?)=0.245-0.3. The

logarithmic plot. The solid line was calculated by adding the normalmodel spectral functions for LAi,B,N;_ ; yielded coupling

state contributiony.T to the specific-heat difference between the factors\ = 1.02 (s= — 1/2) and\ =0.87 (s=0) comparable

su_perconductlng_ and normal statAC obtl%lned from the 5 those of Y.Lu,_,Ni,B,C. The thermodynamic properties

Eliashberg-equations. The data of Nohataal™ are labeled by and the upper critical field are well described Wi(daﬁ}

filled triangles.

nied tnanges —0.08 and(b?)=0.245 = —1/2) or(a2)=0.06 and(b?)

ditional electronic contributions may be attributed to a nor-— 0-27 (S.: 0). For LaNi;BaN;_; It s Of Importance to In-
mal state impurity phase and/or to contributions from theclude anisotropy in order to descn_be its upper critical f|elc_J
small electron pocket, for which Terashirefal 2* proposed and—in contrast to the borocarbides—its thermodynamic

a significantly reduced gap. The latter argument is supporteBrOpertie.s' . . .
by the specific heat results obtained on a single crystal COUPIing and impurity effects are not capable of explain-

YNi,B,C by Noharaet al° which are included in Fig. 17 Ing theTC behavior wit_hin the series XYUl*XNi?BZC' The
for comparison. For temperaturds, /T between 1 and 5 behavior ofy as a function ok suggestN(0), aside fromh,

(i.e., T=15.5-3 K both experimental data sets are in rathert0 be the reason for the minimum iR,(x), which is con-

good agreement, but clearly deviating from our calculations/'™med Py an approximate calculation Bi(0) from y. The

Below abot 3 K anexponential temperature dependence Car{ipproximately cubic temperature dependenc&giT) of
be resolved from the data of Nohaed al® This may be the borocarbides cannot be accounted for by the current

attributed to the small gap on the electron pocket which Caljf_liashberg caIcuIa}ions dqe toa small gap O.f the third Fermi
be identified as the third Fermi surface sheet detected byllface sheet. This contribution, however, is suppressed in
Dugdaleet al”24The third Fermi surface sheet was not con- C and therefore the Eliashberg calculations are in good

sidered in our calculations because its contribution appearegdreement with the related experimental thermodynamic

to be negligible in C.—C,. The exponential low- Propertes.
temperature behavior @.gin particular for the polycrystal-

line YNi,B,C is covered by a linear electronic contribution

from small amounts of a secondary phase of abou(2p.4 We thank M. Nohara for providing the specific heat data

mJ/mol K2. Although this contribution is significantly re- included in Fig. 17. This work was supported by the Austrian

duced in the samples of the pseudoquaternary system, ti&cience Foundation under Grant No. P 11090 and by the
overall feature of the semilogarithmic plot is preserved. Ac-Karntner ElektrizitdasgesellschaftKELAG).
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