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MAGNETIC IMPURITIES IN THE BOROCARBIDE YNi
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Measurements of the spei� heat and the magnetization on the quaternary boroarbides

RNi

2

B

2

C (R = Gd, Er, and Ho) show that the ritial temperature T



sales roughly with the

DeGennes fator (g

J

� 1)

2

J(J + 1). In GdNi

2

B

2

C superondutivity is suppressed by magneti

pair-breaking, whereas in the systems Y

1�x

Er

x

Ni

2

B

2

C and Y

1�x

Ho

x

Ni

2

B

2

C superondutivity

and magnetism oexist within the whole range of 0 � x � 1. For RNi

2

B

2

C with R = Er, Ho and

Dy one an show that the oherene length �(0) is larger than the lattie parameters of the system,

so that the magneti ions at on the Cooper pairs. Measurements on (Y,R)Ni

2

B

2

C show that the

variation of the spei� heat jump �C(T



) vs. T



roughly sales with the Abrikosov{Gor'kov theory

for highly diluted systems [1℄. Due to these features of the (Y,R)Ni

2

B

2

C system, and the fat that

it an be very well desribed by the Eliashberg theory [2℄, alulations were done to test whether

the systems with R = Er, Ho, Dy, Gd and Yb an simply be desribed by YNi

2

B

2

C inluding

magneti impurities. The alulations show that the model works well for x� 1.
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The rare-earth nikel boroarbides RNi

2

B

2

C reeived

muh attention in the last years due to their very in-

teresting superonduting and magneti properties. The

ompounds with the nonmagneti rare-earth atoms Lu or

Y show onventional eleton-phonon superondutivity

with a relatively high superonduting transition tem-

perature between 15K and 16K. These nonmagneti

boroarbides an be very well desribed by theoretial

alulations based on Eliashberg theory [2℄. With heavy

rare-earth ions R like Dy, Ho, Er or Tm, oexistene of

superondutivity and magnetism is observed. The in-

teresting interplay of superondutivity and magnetism

in the pseudoquaternary system (Y,R)Ni

2

B

2

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-

sribe the superonduting and thermodynami proper-

ties of the (Y,R)Ni

2

B

2

C system by using YNi

2

B

2

C as

a base system and adding paramagneti impurities in-

stead of the heavy rare-earth ions within the sope of

Elishberg theory. It was already shown that the thermo-

dynami and superonduting properties of LuNi

2

B

2

C

and YNi

2

B

2

C an be very well desribed by this ap-

proah [2℄. Furthermore, the values of T



from the exper-

iments roughly sale with the Abrikosov{Gor'kov pair-

breaking theory [1℄ whih provides a simple relation for

T



as a funtion of the magneti impurity onentration

ln(T

0

=T



) = �(�T

0

=(2T



) + 1=2) + �(1=2); where �

is the digamma funtion, T



and T

0

are the transition

temperatures in the presene and absene of the mag-

neti impurities, respetively, and � is the pair-breaking

parameter.

The �rst step of our analysis was to alulate T

0

=T



as a funtion of the paramagneti impurity ontent in

YNi

2

B

2

C. The �

2

(!)F (!) spetrum of the boroarbides,

where �

2

(!) is the eletron-phonon oupling funtion

and F (!) 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 YNi

2

B

2

C and weighed it with two

dereasing funtions of !: �

2

(!) = !

�s

, with s = 1=2; 1

as was done by Junod [6℄ with the A15 ompounds. Cal-

ulations for lean YNi

2

B

2

C within Eliashberg theory

using the spetrum with s = 1=2 showed that this spe-

tum is suÆient for desribing the thermodynami prop-

erties and upper ritial �eld of this ompound [2℄. All

other harateristi parameters used in the alulations

are listed in Table 1.

Fig. 1. Eleton-phonon spetral funtions �

2

(!)F (!) for

YNi

2

B

2

C obtained from neutron sattering data of Gompf et

al. [5℄. The spetrum of LuNi

2

B

2

C was alulated by W. We-

ber of Universit�at Dortmund [4℄ and is shown for omparison.
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In order to ompare the thermodynami properites re-

sulting from our analysis with the experimental data,

whih are funtions of T



=T

0

, we have to �nd a way to

map the impurity potential t

�

to the impurity onen-

tration x. This is done by alulating the behaviuor of

T



=T

0

as a funtion of t

�

and using the experimental

data, whih are T



=T

0

vs. x plots, to obtain the relation

t

�

vs. x for eah ompound. The numerial results for

T



=T

0

vs. the paramagneti impurity potential t

�

are

shown in Fig. 2 (top). From this �gure one an observe

that the ritial energy of the paramagneti impurities

is t

�;rit

= 0:4761meV. To orrelate these results to the

experimental data obtained from spei� heat and sus-

eptibility measurements (Fig. 2, bottom left), we used

the relation for the magneti sattering potential t

�

as

a funtion of the onentration x:

t

�

(x) = xS(S + 1)N (0)

Z

jV (
)j

2

d
 ; (1)

where S is the spin, N (0) the density of states, and the

V (
) is the sattering potential as a funtion of the sat-

tering angle 
. If we set I(N; V ) = N (0)

R

jV (
)j

2

d
,

then t

�

=x = S(S + 1)I(N; V ). For small x one an as-

sume that this expression is a onstant for a given ele-

ment. This assumption still holds for the Y

1�x

R

x

Ni

2

B

2

C

series beause even for x = 1, where Y is fully replaed

with a magneti ion, only 1/6 th of the unit ell is para-

magneti. Later in this work we will show that this is

only valid for small x.

T

0

�  atoms �

�

hb

2

i ha

2

i

15.445K 1.2 0.0029 J/gatK

2

9.17474�10

22

/m

�3

0.112101 0.29 0.03

Table 1. Charateristi of parameters of YNi

2

B

2

C used in the alulations for this work. T

0

is the ritial temperature, � the

eletron-phonon oupling parameter,  the Sommerfeld onstant obtained from spei� heat measurements, �

�

the Coulomb

pseudo-potential, hb

2

i the anisotropy parameter of the Fermi veloity, and ha

2

i the eletron-phonon oupling anisotropy

parameter.

Fig. 2. Numerial results for T



=T

0

vs. t

�

(top) and experimental data on T



=T

0

vs. x (bottom left) for Y

1�x

R

x

Ni

2

B

2

C,

where R is the rare-earth element as labeled. From these two diagrams the t

�

versus x relation is obtained (bottom right).
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Fig. 2 (bottom right) shows the ombined data from

the numerial results and the experimental data in a t

�

vs. x diagram.The dotted lines are linear �ts t

�

= k�x of

the given data points, whih are based on the assumption

that t

�

=x is onstant for small x. With the results for

k and the ritial impurity potential t

�;rit

one an al-

ulate the ritial onentrations x

rit

for eah element,

and the results are shown in Table 2. These are the main

results from our alulations. The x

rit

values are only

higher than 1 for Er and Ho, whih shows that for the

other ompounds superondutivity breaks down before

full substitution of Y by the magneti ions. This further

means that the only fully substituted ompounds whih

an be desribed by Eliashberg theory with YNi

2

B

2

C

as base ompound are ErNi

2

B

2

C and HoNi

2

B

2

C. With

these results we are now able to desribe the thermody-

nami properties as funtions of T



=T

0

.

Er Ho Dy Gd Yb

t

�

/x 0.220 0.378 0.578 1.746 9.294

x

rit

2.17 1.26 0.81 0.27 0.05

Table 2. Critial onentrations x

rit

and �tted values for

t

�

=x for Y

1�x

R

x

Ni

2

B

2

C.

The thermodynami ritial �eld H



(T ) is alulated

from the free energy di�erene between the normal and

superonduting states by using the relation

H



(T ) =

r

2

�

0

(F

n

(T )� F

s

(T ));

where F

n

(T ) is the free energy in the normal state and

F

s

(T ) is the orresponding one in the superondut-

ing state. The alulations of H



(T ) were done without

taking the eletron-phonon oupling anisotropy param-

eter ha

2

i into aount (Fig. 3), as it was shown that

the anisotropy does not play an important role in de-

sribing the thermodynami properties of YNi

2

B

2

C [2℄.

The upper ritial �eld H

2

(T ), however, is sensitive to

hanges in ha

2

i and therefore an not be desribed with

the Werthamer equation H

2

(0) � 0:7T



H

0

2

(T



) [7℄ be-

ause it does not take both anisotropy parameters ha

2

i

and the anisotropy parameter of the Fermi veloity hb

2

i,

whih play an important role in desribing the upper rit-

ial �eld of YNi

2

B

2

C, into aount. Calulations show

that the upper ritial �eld lose to T



and for H

2

(0)

an not be desribed without using ha

2

i and hb

2

i [2℄.

With the anisotropy parameters from Table 1 we get the

results for H

2

(T ) as shown in Fig. 3.

Fig. 3. The thermodynami ritial �eld H



(T ) and the upper ritial �eld H

2

(T ) versus T



=T

0

and t

�

.
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Fig. 4. Calulated jump of the spei� heat �C and the eletroni spei� heat ontribution C

es

for YNi

2

B

2

C with para-

magneti impurities.

Fig. 5. Variation of the spei� heat jump �C ver-

sus the normalized transition temperature T



=T

0

for

Y

1�x

R

x

Ni

2

B

2

C, where R is the rare-earth atom as labeled.

The solid line are the numerial results of this work. The

straight line shows the BCS relation where  is onstant.

Fig. 6. Detailed omparision of the experimental and the-

oretial values for �C.
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2

B

2

C

experiment alulated error

T



[K℄ T



[K℄ f [%℄

YNi

2

B

2

C 15.445 15.445 0

ErNi

2

B

2

C 10.8 10.5 �2:8

HoNi

2

B

2

C 8.1 5.7 �30

H



(0)[mT℄ H



(0)[mT℄

YNi

2

B

2

C 268 269 0.6

ErNi

2

B

2

C 180 201 12

HoNi

2

B

2

C 110 134 22

H

2

(0)[mT℄ H

2

(0)[mT℄

YNi

2

B

2

C 7.9 8.0 1.2

ErNi

2

B

2

C 1.8 3.3 83

HoNi

2

B

2

C 0.85 1.0 17

�C(T



)[mJ/mol�K℄ �C(T



)[mJ/mol�K℄

YNi

2

B

2

C 572 569 �0:5

ErNi

2

B

2

C 360 249 �30

HoNi

2

B

2

C 140 56 �60

Table 3. Comparison of various experimental and alulated ritial values of RNi

2

B

2

C.

In our further analysis we alulated the numerial

results for the spei� heat, the thermodynami riti-

al �eld H



(T ) and the upper ritial �eld H

2

(T ) of

YNi

2

B

2

C with paramagneti impurities t

�

. Fig. 4 shows

the eletroni spei� heat C

es

(T



) and the spei� heat

jump �C(T



)=�C

0

(T



) versus t

�

and T



=T

0

. In Fig. 5

the numerial results are ompared to the experimental

data. One an see that the numerial results �t the ex-

perimental data quite well for 1 < x < 0:7. The data for

YbNi

2

B

2

C and DyNi

2

B

2

C do not agree with our alula-

tions due to the fat that the ritial onentration with

x = 1 annot be reahed with our model as was disussed

above (see Table 2). In Table 3 the experimental and nu-

merial data are shown together with the relative error,

whih shows the deviation between the numerial and ex-

perimental results in %. For YNi

2

B

2

C the results are very

good as expeted. The numerial values for H



, H

2

and

�C for Er and Ho ompounds deviate drastially from

the experimental results. This means that even though

the agreement between the experimental data and nu-

merial results in Fig. 5 is very good, we an not sim-

ply desribe ErNi

2

B

2

C and HoNi

2

B

2

C in the sope of

Eliashberg theory using YNi

2

B

2

C as base ompound and

adding paramagneti impurities orresponding to x = 1.

To larify the situation the experimental and theoretial

values for �C are ompared to eah in Fig. 6. It shows

that, for small amounts of x (T



=T

0

� 0:8, x = 0:2 for

Er, and x = 0:025 for Gd) in Y

1�x

R

x

Ni

2

B

2

C, the exper-

imental and theoretial values agree very well. For these

values of x the impurity onentration is below 3%. As a

onlusion one an say that it is possible to desribe the

properties of Y

1�x

R

x

Ni

2

B

2

C with R = Er, Ho, Dy, Gd

and Yb for small values of x by using YNi

2

B

2

C as base

ompound with paramagneti impurities within Eliash-

berg theory.
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Vim�r�vann� pitomoÝ teplomnosti ta namagn�qenosti v qotirikomponentnih borokarb�dah RNi

2

B

2

C

(R = Gd, Er � Ho) pokazu�t~, wo kritiqna temperatura T



nabli�eno masxtabut~s� �z faktorom De

�ena (g

J

� 1)

2

J(J + 1). U GdNi

2

B

2

C nadprov�dn�st~ znika qerez magnetne rozweplenn� par, tod� �k u

sistemah Y

1�x

Er

x

Ni

2

B

2

C ta Y

1�x

Ho

x

Ni

2

B

2

C nadprov�dn�st~ � magnetizm sp�v�snu�t~ na �lomu prom��ku

0 � x � 1. Dl� RNi

2

B

2

C �z R = Er, Ho � Dy mo�na pokazati, wo korel���na dov�ina �(0)  b�l~xo�

v�d parametra �ratki sistemi, tak wo magnetn� �oni vpliva�t~ na kuper�vs~k� pari. Vim�r�vann� nad

(Y,R)Ni

2

B

2

C pokazu�t~, wo zm�na stribka teplomnosti �C(T



) wodo T



p�dl�ga pribliznomu stepe-

nevomu sp�vv�dnoxenn� v�dpov�dno do teor�Ý Abrikosova-�or~kova dl� sistem �z velikim rozvedenn�m [1℄.

Zg�dno z ukazanimi vlastivost�mi sistemi (Y,R)Ni

2

B

2

C ta tim faktom, wo ÝÝ mo�na dobre opisati teor��

El�axber�a, buli proveden� obqislenn�, abi protestuvati, qi sistemi z R = Er, Ho, Dy, Gd � Yb mo�ut~

prosto opisuvatis� YNi

2

B

2

C �z magnetnimi dom�xkami. Obqislenn� pokazu�t~, wo model~ dobre pra�

pri x� 1.
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