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MAGNETIC IMPURITIES IN THE BOROCARBIDE YNi,B,C
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Measurements of the specific heat and the magnetization on the quaternary borocarbides
RNi;B,C (R = Gd, Er, and Ho) show that the critical temperature T, scales roughly with the
DeGennes factor (gy — 1)>J(J + 1). In GdNi;B>C superconductivity is suppressed by magnetic
pair-breaking, whereas in the systems Yi_;Er;NixB2C and Yi_;Ho.Ni2B2C superconductivity
and magnetism coexist within the whole range of 0 < x < 1. For RNi2B2C with R = Er, Ho and
Dy one can show that the coherence length £(0) is larger than the lattice parameters of the system,
so that the magnetic ions act on the Cooper pairs. Measurements on (Y,R)Ni; B, C show that the
variation of the specific heat jump AC(T.) vs. T, roughly scales with the Abrikosov—Gor’kov theory
for highly diluted systems [1]. Due to these features of the (Y,R)Ni;B2C system, and the fact that
it can be very well described by the Eliashberg theory [2], calculations were done to test whether
the systems with R = Er, Ho, Dy, Gd and Yb can simply be described by YNi2B2C including
magnetic impurities. The calculations show that the model works well for x < 1.
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The rare-earth nickel borocarbides RN15B,C received
much attention in the last years due to their very in-
teresting superconducting and magnetic properties. The
compounds with the nonmagnetic rare-earth atoms Lu or
Y show conventional electon-phonon superconductivity
with a relatively high superconducting transition tem-
perature between 15K and 16 K. These nonmagnetic
borocarbides can be very well described by theoretical
calculations based on Eliashberg theory [2]. With heavy
rare-earth ions R like Dy, Ho, Er or Tm, coexistence of
superconductivity and magnetism is observed. The in-
teresting interplay of superconductivity and magnetism
in the pseudoquaternary system (Y,R)NizB,C (R = Gd,
Tb, Dy, Ho, Er and Tm) was investigated by various
expermiments [3].

In this paper, we investigate if it is possible to de-
scribe the superconducting and thermodynamic proper-
ties of the (Y,R)NiaB3C system by using YNiyB2C as
a base system and adding paramagnetic impurities in-
stead of the heavy rare-earth ions within the scope of
Elishberg theory. It was already shown that the thermo-
dynamic and superconducting properties of LuNisB,C
and YNi3BsC can be very well described by this ap-
proach [2]. Furthermore, the values of T, from the exper-
iments roughly scale with the Abrikosov—Gor’kov pair-
breaking theory [1] which provides a simple relation for
T, as a function of the magnetic impurity concentration
In(Teo/Te) = @(pTeo/(27:) + 1/2) + ®(1/2); where @
is the digamma function, 7T, and Ty are the transition
temperatures in the presence and absence of the mag-
netic impurities, respectively, and p is the pair-breaking
parameter.

The first step of our analysis was to calculate T, /T,
as a function of the paramagnetic impurity content in
YNi3BsC. The a?(w) F(w) spectrum of the borocarbides,

where a?(w) is the electron-phonon coupling function
and F(w) is the phonon density of states, is shown in
Fig. 1. We have used the phonon density of states of
Gompf et al. [5] for YNizB2C and weighed it with two
decreasing functions of w: a?(w) = w™*, with s = 1/2,1
as was done by Junod [6] with the A15 compounds. Cal-
culations for clean YNisB2C within Eliashberg theory
using the spectrum with s = 1/2 showed that this spec-
tum is sufficient for describing the thermodynamic prop-
erties and upper critical field of this compound [2]. All
other characteristic parameters used in the calculations
are listed in Table 1.
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Fig. 1. Electon-phonon spectral functions o?(w)F(w) for
YNi2B2C obtained from neutron scattering data of Gompf et
al. [5]. The spectrum of LuNiz B2 C was calculated by W. We-

ber of Universitat Dortmund [4] and is shown for comparison.
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In order to compare the thermodynamic properites re-
sulting from our analysis with the experimental data,
which are functions of T, /Ty, we have to find a way to
map the impurity potential {_ to the impurity concen-
tration z. This is done by calculating the behaviuor of
T./Teo as a function of {_ and using the experimental
data, which are T../T.o vs. « plots, to obtain the relation
t_ ws. x for each compound. The numerical results for
T./Teo vs. the paramagnetic impurity potential {_ are
shown in Fig. 2 (top). From this figure one can observe
that the critical energy of the paramagnetic impurities
is t_ crir = 0.4761meV. To correlate these results to the
experimental data obtained from specific heat and sus-
ceptibility measurements (Fig. 2, bottom left), we used
the relation for the magnetic scattering potential ¢_ as

a function of the concentration z:
t_(x) =xS(S + 1)N(0)/|V(Q)|2d9, (1)

where S is the spin, N(0) the density of states, and the
V(€?) is the scattering potential as a function of the scat-
tering angle Q. If we set [(N,V) = N(0) [ |V(2)]?d€,
then t_ /e = S(S + 1)I(N, V). For small « one can as-
sume that this expression is a constant for a given ele-
ment. This assumption still holds for the Y| _, R:Ni,B,C
series because even for x = 1, where Y is fully replaced
with a magnetic ion, only 1/6 th of the unit cell is para-
magnetic. Later in this work we will show that this is
only valid for small z.

TcO A ")/

atoms Ty (b?) [(a?)

15.445K|1.

[\]

0.0029 J/gat K?|9.17474-10%2/cm=3(0.112101{0.29(0.03

Table 1. Characteristic of parameters of YNizB2C used in the calculations for this work. T is the critical temperature, X the
electron-phonon coupling parameter, v the Sommerfeld constant obtained from specific heat measurements, p* the Coulomb

pseudo-potential, <b2> the anisotropy parameter of the Fermi velocity, and <a2> the electron-phonon coupling anisotropy

parameter.
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Fig. 2. Numerical results for T./T.o vs. t_ (top) and experimental data on T./T.o vs. z (bottom left) for Y;_; R;Ni;B2C,
where R is the rare-earth element as labeled. From these two diagrams the ¢_ versus « relation is obtained (bottom right).
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Fig. 2 (bottom right) shows the combined data from
the numerical results and the experimental data in a _
vs. ¢ diagram. The dotted lines are linear fits = = kx*x of
the given data points, which are based on the assumption
that t_ /x is constant for small . With the results for
k and the critical impurity potential ¢_ ..y one can cal-
culate the critical concentrations x..it for each element,
and the results are shown in Table 2. These are the main
results from our calculations. The z..; values are only
higher than 1 for Er and Ho, which shows that for the
other compounds superconductivity breaks down before
full substitution of Y by the magnetic ions. This further
means that the only fully substituted compounds which
can be described by Eliashberg theory with YNisB,C
as base compound are ErNi;B>C and HoNi,B;C. With
these results we are now able to describe the thermody-
namic properties as functions of T, /T.o.

Er | Ho | Dy | Gd | Yb
t—/x|0.220/0.378|0.578|1.746|9.294
2.17(1.26|0.81|0.27|0.05

Lerit

Table 2. Critical concentrations z..: and fitted values for

t_/CL‘ fOI“ Yl_mRmNiQBQC.
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The thermodynamic critical field H.(T) is calculated
from the free energy difference between the normal and
superconducting states by using the relation

HL(T) = mﬁ (Pu(T) = FA(T)),

where F,,(T) is the free energy in the normal state and
Fy(T) is the corresponding one in the superconduct-
ing state. The calculations of H.(T) were done without
taking the electron-phonon coupling anisotropy param-
eter (a?) into account (Fig. 3), as it was shown that
the anisotropy does not play an important role in de-
scribing the thermodynamic properties of YNiyB2C [2].
The upper critical field H.2(T'), however, is sensitive to
changes in (a?) and therefore can not be described with
the Werthamer equation H.2(0) = 0.7T.H.,(T.) [7] be-
cause it does not take both anisotropy parameters (a*)
and the anisotropy parameter of the Fermi velocity (b?),
which play an important role in describing the upper crit-
ical field of YNi3B,C, into account. Calculations show
that the upper critical field close to T, and for H.2(0)
can not be described without using (a?) and (b?) [2].
With the anisotropy parameters from Table 1 we get the
results for Heo(T) as shown in Fig. 3.
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Fig. 3. The thermodynamic critical field H.(T) and the upper critical field He2(T") versus T./Teo and ¢_.
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Fig. 4. Calculated jump of the specific heat AC and the electronic specific heat contribution C.. for YNi2 B2 C with para-
magnetic impurities.
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Fig. 5. Variation of the specific heat jump AC ver- Fig. 6. Detailed comparision of the experimental and the-
sus the normalized transition temperature T./T.o for oretical values for AC.

Yi1-xR:Ni2B2C, where R is the rare-earth atom as labeled.
The solid line are the numerical results of this work. The
straight line shows the BCS relation where v is constant.
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experiment calculated error
T.[K] T.[K] IT%]
YNi»B2C 15.445 15.445 0
ErNiyB2C 10.8 10.5 —2.8
HoNiyB,C 8.1 5.7 —30
H.(0)[mT] H,(0)[mT]
YNi»B2C 268 269 0.6
ErNiyB2C 180 201 12
HoNi»B»C 110 134 22
Hes (0)[mT] H.5(0) [ T]
YNi;B,C 7.9 8.0 1.2
ErNizB;C 1.8 3.3 83
HoNi»B»C 0.85 1.0 17
AC(Te)[mJI/mol KJ|AC(T)[mJ /mol-K]
YNi»B2C 572 569 —0.5
ErNiyB2C 360 249 —30
HoNiyB,C 140 56 —60

Table 3. Comparison of various experimental and calculated critical values of RNizB2C.

In our further analysis we calculated the numerical
results for the specific heat, the thermodynamic criti-
cal field H.(T) and the upper critical field Heo(T) of
YNi»B2C with paramagnetic impurities ¢_. Fig. 4 shows
the electronic specific heat Ces(T¢) and the specific heat
jump AC(T.)/ACH(T) versus t_ and T./Teo. In Fig. b
the numerical results are compared to the experimental
data. One can see that the numerical results fit the ex-
perimental data quite well for 1 < « < 0.7. The data for
YbNisB,C and DyNiyB2C do not agree with our calcula-
tions due to the fact that the critical concentration with
x = 1 cannot be reached with our model as was discussed
above (see Table 2). In Table 3 the experimental and nu-
merical data are shown together with the relative error,
which shows the deviation between the numerical and ex-
perimental results in %. For YNisBsC the results are very
good as expected. The numerical values for H., H.» and
AC for Er and Ho compounds deviate drastically from

the experimental results. This means that even though
the agreement between the experimental data and nu-
merical results in Fig. 5 is very good, we can not sim-
ply describe ErNisB,C and HoNisB,C in the scope of
Eliashberg theory using YNi2B2C as base compound and
adding paramagnetic impurities corresponding to z = 1.
To clarify the situation the experimental and theoretical
values for AC' are compared to each in Fig. 6. It shows
that, for small amounts of z (T, /Te > 0.8, x = 0.2 for
Er, and # = 0.025 for Gd) in Y1_,R;NizB2C, the exper-
imental and theoretical values agree very well. For these
values of = the impurity concentration is below 3%. As a
conclusion one can say that it is possible to describe the
properties of Y;_,R;Ni»B,C with R = Er, Ho, Dy, Gd
and Yb for small values of z by using YNi,B,C as base
compound with paramagnetic impurities within Eliash-
berg theory.
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MATHETHI JOMIINIKN B BOPOKAPBIII YNi:B,C

M. Bimprep', III. Marano?, I'. Mixop!, M. Enp-Tarapi’, I'. ['asmep!
L Inemumym excnepumenmanvhor dizuxu,
Bidencoxutt mexniunudi ynisepcumem, 1040, Bidens, Ascmpis
2 Incmumym meopemusnol disuxu,
Viuieepcumem im. Hoeana Kenaepa, 4040, Jiny, Aecmpia

BumiproBaHHS mMTOMOI TEJIOEMHOCTH Ta HaMarHIYEeHOCTH B YOTHUPUKOMIIOHeHTHHX Gopokapbimax RNizBoC
(R = Gd, Er i Ho) nokasyrors, mo kxpurudHa remieparypa 1. Habmamxeno macmrabyerscs i3 dakropom e
Kena (g5 — 1)2J(J +1). ¥V GdNi;B2C HamnposinHicTh 3HHKae Yepe3s MarHeTHE DO3LIEIUIEHHH [ap, TOAl AK ¥
cucreMax Yi1—zEryNi2B2C ra Y;_,Ho;Ni2B2C HagmpoBiamicTs 1 MarHeTnsM CINBICHYIOTH Ha IIJIOMY ITPOMIKKY
0 <z < 1. Ona RNi;B;C i3 R = Er, Ho i Dy moxHa nokasaru, mo Kopessmiiina mosxuna ¢(0) e Ginpuroro
BiI MmapaMeTpa rpaTKyW CACTEMH, TaK IO MalHeTHI HOHM BILIMBAIOTH Ha KYNEepiBCbKI Mapu. BUMIproBaHHA HaI,
(Y,R)NizB>C nokasytors, mo smina crpubka rtemtoemuoctu AC(T.) mono T, minnsrae npubiamsHoMy creme-
HEBOMY CIIIBBIIHONIEHHIO BIIMOBIIHO 10 Teopil A6pI/IKOCOBa—rOpbKOBa JJTA CUCTEM 13 BEJIMKMM po3BemeHHAM [1].
3rigo 3 ykasaaumu Bractusoctamu cucremu (Y, R)NizB2 C ta tum dakrom, mo ii MmoxHa nobpe ommcaTy Teopieto
Emambepra, 6yau npoBeneni obunciaennd, abu rnporecryBaru, un cuctemu 3 R = Er, Ho, Dy, Gd i Yb moxyTb
npocto omucyBatucd Y NizB2C 13 marweTrnumu gomimkamu. OO0Unc/IeHHs OKA3YIOTh, 10 MOOEb 00pe Iparioe
mpn x < 1.
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