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Abstract

We report on a study of the magnetic properties of the intermetallic superconductor YNi,B,C in a wide range of magnetic
fields (up to 8 T) and temperatures (4.4-16 K). The results yield the characteristic length scales and fields for this compound:
A(0Y~(3.520.5) %107 % cm, €(0)= (10+£2)X10~7 cm, H;(0)=83 G and H,(0)~47600 G. We compare our results with
those obtained by other groups and add new information on thermodynamic properties, in particular on the lower critical field,
and on irreversible magnetic features such as the critical current, pinning force and magnetic relaxation. We conclude that YNi,B,C

is a type-II superconductor with relatively weak pinning centers,

1. Introduction

The intensive activity in intermetallic supercon-
ducting (SC) phases has slowed down during the last
decade. In particular, no new families with high T,
have been discovered since the 1973 report on AlS
Nb;Ge with a transition temperature 7,=23.2K [1].
Recently, however, a small fraction (about 2%) of a
SC phase (7.=12 K) was detected in samples of
nominal composition YNi,B [2]. Subsequently, the
SC volume fraction was significantly enhanced by
adding small amounts of C and 7.=15 K was re-
ported in a multiphase YNi,BCy, sample [3]. Su-
perconducting single-phase novel Ni-compounds with
the composition RNi,B,C (R =rare-earth) have been
established by Cava et al. [4] where the highest T,
15.6 and 16.6 K, were observed for R=Y and Lu,
respectively. Several YNi,BC; , samples prepared in
our laboratory did not show SC, and we have con-
cluded that SC in this phase [3] is due to an impurity
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phase of the tetragonal YNIi,B,C phase [5].

The new quaternary RNi,B,C compounds crystal-
lize in the well known tetragonal ThCr,Si,-type
structure (space group I14/mmm ). The nickel boride
framework of this structure is modified by the inser-
tion of a carbon atom in the R layer where alternating
layers of Ni,B; and RC exist [4]. It has been widely
speculated that the low mass of the boron is condu-
cive to the occurrence of high phonon frequencies and
consequently to high 7. It seems likely that the rela-
tively high 7 is due to the three-dimensional nature
of the bonding associated with this structure, whereas
the quite substantial contraction (compared to
YNi,B,) of the a lattice parameter indicates strong
Ni-B bonds in the Ni,B, planes. The role of carbon
in this system is not yet known.

The main goal of this paper is to characterize the
magnetic properties of YNi,B,C. We report here on
magnetic measurements from which we evaluate the
lower critical field H,, the upper critical field H,,
the irreversibility field H,,, the Ginzburg-Landau
parameter x, the penetration depth A and the coher-
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ence length & We compare our results with previous
reports on the magnetic properties of YNi,B,C [6-
8] and add some new information on the lower crit-
ical field. Special attention is given to the irreversible
nrnnerhﬁc of VNINR >C - critical current, sc Img of

the pinning force and the relaxation.

2. Experimental

YNi,B,C was prepared by melting of high purity
constituents in an induction furnace under argon at-
mosphere. The ingot was annealed at 950°C for sev-
eral days and the X-ray diffraction pattern indicates
that the sample is nearly single phase. Impurity peaks
were smaller than 3%. The lattice parameters
a=3.524 [1] and c=10.535 [2] A are in agreement
with the literature [4]. Two pieces, (139.4 and 290.2
mg), were cut from the ingot. These pieces are de-
noted below as sample #! and sample #2, respec-
tively. The SC transition 7.=15.5 K [1] for these
samples was measured by a SQUID magnetometer at
10G.

We used an Oxford-Instrument Vibrating Sample
Magnetometer (VSM) for high-field (up to 5 T)
measurements and a2 Quantum Design SQUID for the
low-field region (up to 350 G).

3. Results

The low-field part of the magnetization loops (after
zero-field cooling ) of sample #1, measured by SQUID
at T=5,7,9, 11, 13 and 14.5 K, are shown in Fig. 1.
Fig. 2 shows a typical set of magnetization loops of
sample #2 measured by VSM at 7=4.4, 7, 9 K. Both
the irreversible (M|, ) and the reversible (M., ) mo-
ments can be deduced from the ascending (M1) and
descending (M| ) branches of the magnetization loop.
Apparently, the irreversible moment A =
| M1 —M]| is comparable and even less than the re-
versible magnetization M., =3 |Mt+M||. This im-
plies rather weak pinning in our YNi,B,C com-
pound. The inset in Fig. 2 exhibits typical data, at
T=5 K, up to magnetic field 5 T.

Below we extract from the magnetization loops in-
formation on the critical fields and characteristic
length scales of YNi,B,C in the superconducting state.
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Fig. L. Low-field data of the magnetization curves measured at
T=5,7,9,11,13 and 14.5 K.
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Fig. 2. Magnetization loops at 7=4.4, 7 and 9 K measured by
VSM. (Insert) high-field magnetization loop at T=5K.
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3.1. Lower critical field H,,

In the Meissner state the total magnetic moment of
a superconductor is given by (see e.g. Ref. [9])
M=—H,V/4n(1~N), where H, is the external mag-
netic field, V is the volume of a sample, and N is the
demagnetizing factor. We have found experimentally
that N~0.4. For accurate determination of the de-
viation from the linear behavior we have used the pa-
rameter p=4nM/H,V=—1/(1—-N), which is con-
stant up to the applied field H2,. We use here the
superscript to denote the applied field, before the
correction for demagnetization. In Fig. 3 the param-
eter p is plotted as a function of the external magnetic
field at various temperatures. Using Ap~0.05 as a
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Fig. 3. The parameter p=4nM/H°V=—1/(1—N) vs. the mag-
netic field at 7=5, 7 and 9 K.
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Fig. 4. The lower critical field H,, vs. temperature.

criterion for deviation from a constant value, we ob-
tain the lower critical field H?2, (T) within an error
AH? ~5 G. The actual values of H,,=H?, /(1 —N),
are shown in Fig. 4. The symbols are the experimen-
tal points and the solid line is a fit to the empirical
equation H. (T)=H. (0)[1—(T/T.)*] with
H_ (0)=83.5%+2.5 G. We note that our determina-
tion of the lower critical field is an upper estimation
for H,, due to possible effects of surface barriers.

3.2. Upper critical field H,,

The upper critical field H_, was identified as the
onset of a diamagnetic signal during the decrease of
the magnetic field from 8 T. Above H_, there was no
diamagnetic signal within the resolution of VSM

(10~% emu). For the onset we used the criterion
M=0.005 emu; this yields the upper critical field with
an accuracy of approximately 1000 G. In Fig. 5
open circles show our estimation for the upper criti-
cal field. The data in the figure follow the same func-
tional form as for the lower critical field, namely
Ho(T)=H,(0)[1-(T/T.)?] with  H,(0)~
47600+ 1000 G. This is shown by the solid line in
Fig. 5.

3.3. Irreversibility field H, (T)

The irreversibility field was determined as the field
at which the difference between the ascending and
descending branches of the magnetization loop ex-
ceeded AM~0.005 emu. This gives an accuracy of
about AH,,,~ 1000 G. The irreversibility field H;..(T)
for sample #2 is shown in Fig. 5 by open squares. The
solid line is a fit by Hy (T)=H;.(0)(1-T/T,)*’
with H,..(0) ~ 81000+ 500 G. The value for H;(0)
has no direct physical meaning; it simply character-
izes the general behavior of H.(7). The fact that
H..(0)>H,(0) means that the equation
H (T)=H(0)(1=:)>" is not valid at low
temperatures.

3.4. Coherence length &T) and penetration length
MT)

By combining two well known formulae [10],
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Fig. 5. The upper critical field H.,(7) and the irreversibility field
Hi (7).
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H, = Z%AO‘Z [In(x)+0.5] , (1a)

where ¢,~2.0679%10-7 G cm? is a flux quantum,
k=2/&is the Ginzburg-Landau parameter, and

Ho= %, (1b)

we arrive at the useful relationship:

H, In(x)+0.5
2 H, = 2 . (2)
To get k we solved Eq. (2) numerically for each of
the experimental critical fields (i.e. for different tem-
peratures ). The parameter k appears to be tempera-
ture independent, k>~ 351 3.

The characteristic length scales for YNi,B,C were
evaluated from H,,(T) and H,,(T) by using

_ [ %
&T)= /2an2(T) (3a)

and

MTY=x&(T) . (3b)
The resulting curves are presented in Fig. 6. Both can
be fitted in the whole temperature range using the well
known relation /(T) =1(0)/1—~ (T/T.)*, where [ is
either A or & Zero-temperature values for character-

istic length scales are A(0)~ (3.5%0.5)x107° cm
and £(0)~ (11£0.2) X10~¢cm.

0.00012 A

0.0001

A {cm)
(wo) 301

0 [ NN P SN
4 6 8 10 12 14 16
T (K)

Fig. 6. The characteristic lengths A(7) and &(T).

3.5. Comparison with previous results

Several groups [6-8] have reported on magnetic
measurements in YNi,B,C. We compare their results
with ours in Figs. 7 and 8. As can be seen, both H,
and H,,, are in agreement with previous works, Refs.
[6,7]. We note that in Ref. [6] a single YNi,B,C
crystal was measured (H|c), and this may explain
the discrepancy in the data for H ,. Concerning H,,,
we are aware of only one data point H, (5 K) =300
G from Ref. [8]; this value is an order of magnitude
higher than ours.

3.6. Critical current and the pinning force

One of the important characteristics of type-II su-
perconductors is the pinning force density [9-11]

510‘_...,...,...,...,..T,..4
[e ]
A o M. Xuetal. (8] ]
410* F [u] 0 S.Royetal. [7] e
[ O e This work ]
[ A N.Hongetal[8] ]
—~ 310* | ]
c [ ]
o |
b - i
210* | 7]
110° F .

) 1 1 1 1 o] ]
4 6 8 10 12 14 16

T (K)
Fig. 7. Comparison of H.,(T) obtained by different groups.
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I,
Fp='c'|lch|’ (4)

which directly characterizes the interaction between
the vortices and the pinning centers. In order to eval-
uate the pinning force for YNi,B,C we derive the
critical current density j, from the irreversible mo-
ment M. This is done by using the usual Bean model
[9] for an ellipse of semiaxes b=0.5 cm, a=0.3 cm
and thickness 1=0.1 cm for which j.=10M,,/
a(1—a/3b). Here j. is in A/cm?, M,,, in emu/cm?
and the lengths are in cm. Typical results, for temper-
atures 7=4.4, 6.5 and 8.5 K are shown in Fig. 9. Ap-
parently, the critical current decays very fast with field
but, even in the remanent state j.~2.5X 10* A/cm?
at T=4.4 K, three orders of magnitude less than for
high-T superconductors. In Fig. 10 we plot the pin-
ning force, evaluated by using Eq. (4). Each of the
F,(T, H) curves exhibits a maximum,; the coordi-
nates of the maximum are denoted here as (Hpay,
F, max)- In Fig. 11 we plot several curves of the pin-
ning force in the normalized coordinates: (h=H/
Hupaxs Jo=F,/Fpmax). In these coordinates all the
curves collapse on a unique curve. Similar behavior
was observed in both conventional [10] and high-T,
[11] materials. We note, however, that the func-
tional form of the curve in Fig. 11 cannot be fitted by
the conventional [11] expression f,echP(1—yh)9,
implying an unusual pinning mechanism in this
compound.
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Fig. 9. Critical current density at T=4.4, 6.5 and 8.5 K vs. mag-
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3.7. Relaxation

For the magnetic relaxation measurements, the
sample was zero-field cooled down to a given temper-
ature. Then magnetic field was ramped up in a sweep
mode with a rate 500 G/s up to the field of 2000 G.
Fig. 12 presents relaxation curves measured on sam-
ple #2 at different temperatures. A fast relaxation
during the first seconds is followed by a plateau with
no noticeable changing in magnetic moment. We find
the same behavior for relaxation at different fields
for constant temperature. The initial relaxation is best
fitted by an exponential dependence in the form
M(t)y=M(0) e’*+ M(c0). Typical fits are shown in
the inset to Fig. 8. The best values for ¢, are presented
in Fig. 13. The solid line in the figure is a fit to
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Fig. 12. Magnetic relaxation measured by VSM at 7=4.5, 6, 8
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ation showing exponential fit (see text).
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ty=0.96/ (H/H_)"'*. This unusual behavior calls for
further study.

4. Summary

We have presented detailed magnetic measure-
ments performed on the recently discovered YNIi,B,C
superconductor. Table 1 summarizes all the charac-
teristic parameters that we have found in our study.
In general, we find that the magnetic behavior of this
compound is very similar, at least quantitatively, to
that of type-II conventional superconductors with
weak pinning centers.

Table 1

Ho (T)~83.4[1—(T/T)*1 G
H,(T)y=47600[1—-(T/T.)*]1 G
MT)= (3.5%X107%)/1—(T/T,)* em
EHT)~10"%/1-(T/T.)* cm
Kk=35%3

H  (T)~8100001-T/T.)*" G
J(T=44K, H=0)~2.5x10* A/cm?
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