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Abstract. Residual resistivity ratio RRR is an important gri& characteristic of material purity.
It was proposed to determine the RRR on base oA@eusceptibility. AC susceptibility of a
number of single crystal niobium samples of différerientations types (<100>, <011>,<111>)
and differently treated(BCP 70, 150 um, annealifg°8/2h) was measured. The RRR value
was determined on base of these results usingtiorebetween the imaginary part)of of AC
magnetic susceptibility at low frequency, AC magméeld and resistivityp of the sample.
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INTRODUCTION

Among the different techniques to determinate thesifual Resistivity Ratio
(RRR) value of superconducting materials the ACcepsbility has an additional
advantage to search for and study the critical rpatars such as critical magnetic
fields. Application of AC magnetic fields by changiof its amplitude and frequency
allows determining the residual resistivity ratiale as an integral characteristic of
the purity of material supplementary to DC RRR dafde SQUID based AC
susceptibility technique allows a rather precisesgtigation of superconducting single
crystal material.

The aim of this paper is to analyze the methodd&iermination of RRR value of
niobium single crystal based on AC susceptibilitd @ompare with other methods.

EXPERIMENTAL

From part of niobium ingot provided by W. C. Hera@usamples (raw cylinders of
1.3-2 mm height; 3-4.5 mm diameter) were cut by EQ&lectrical discharge
machining).The first sample (N1) was marked asivece The chemical etching
(BCP) in a mixture 1:1:2 HN{(60%), HF (40%), BPO, (85%) and annealing at
800°C for 2 hours have been applied to anothersamoples (N2, N3).The orientation
of the samples was established by the company Maifiee base crystallographic



plane of each sample was oriented along plane (0t measurements of the AC
magnetic susceptibility were done by using the mesasent device MPMS-5XL from
Quantum Design [1] in the temperature range fraim 200K in a permanent magnetic
field up to 5 T and AC magnetic field with maximamplitude of 4 Oe and a
frequency up to 1 kHz. The measurement system MBNISreveals itself a sensitive
tool for measuring the magnetization of the matera a function of temperature and
magnetic field. The system based on SuperconduQuantum Interference Device
(SQUID) technology gives the high measurement seitgiand dynamic range. The
principle on the system is based on the positiooinipe sample inside the measuring
contour including the couple of compensating arak-pip coils. The output signal is
proportional to the magnetic flux in the pickuplaghich gives the minimal variation
of sensitivity over the entire frequency range:ssvity - 5 x 108 emu.

In all measurements the magnetic fields (DC & A@revapplied along the main
crystallographic directions<100> or<011> or<lllheTmeasurement of the residual
resistivity ratio by the standard DC 4-point methveas done using the high precision
multimeter Keithley 2001 with a preamplifier in thanovolt range.

MAIN PRINCIPLES OF RRR DETERMINATION

The AC susceptibility is caused by eddy currentduged form an external
alternative magnetic field = hoexp(-i27f) hp = const,f - frequency. Generally the AC
susceptibility can be expressed as

Xac =X +ix (2)

where y'is a real part of susceptibility and - the imaginary part that describes the
absorption in material. In case of spherical sampli¢h radiusa and skin deptld =

U (ruque®)®>= (pl(ruquf)®> whereuo = 4zx107 H/m, u - the relative permeability; —
resistivity. The AC components can be expressed [2] as:
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For low frequency - o/a>>1
x=-k,f?/1p* and y =k,flp

For infinite length cylinder with diametelr

For low frequency - o/d >>1
x=x(f=0)-kf/p° and y'=k f/p



wherek;; - coefficients defined by size of the sampé d. The peak of the imaginary
part of the AC susceptibility reveals itself asoanpromise between the increase of the
local absorbed power density (2 oE* ~ % pJ®) and the decrease of the field
penetration depth into the material in dependericéscelectrical conductivity. It is
necessary to emphasize that in case of low shgel@ifd<<1), both they” andy’
values can be obtained by a direct measuremeheddléectrical resistivity:

X':Xo(f:0)+k10f2/p;)(":kzof/p (4)

Based on this consideration the residual resigtiatio can be calculated using the
standard equation:

_ Psoox
RRR= /9%
Pk (5)

The experiments on polycrystalline samples allovguggest that contactless AC-
susceptibility method can be applied for studyimg single crystals.

AC SUSCEPTIBILITY — FREQUENCY (TEMPERATURE)
EXTRAPOLATION METHOD

For determination of RRR value the experimentoium temperature range at T<T
and high magnetic fields sufficient for destroyitige superconducting state were
carried out. In Figure 1 the isotherms M(H) for gdes N1 and N2 are shown. In the
Fig. 2 the same data in coordinates M/H(H) are show
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FIGURE 1. The isotherms M(H) for sample N1, N2, B||<110>.
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FIGURE 2. The isotherms M/H(H) for samples N1, N2, B||<110>.

In the sample N1 the superconducting state reniaimsagnetic field up to ~ 25- 28
kOe, in the sample N2 - up to 15-20 kOe. In theentrpaper we do not consider the
reasons of such a high magnetic field. In the parpmatic state in a whole
temperature range the isotherms of magnetizatipeapto be a linear function i
M = xH (x = M/H) and temperature dependengd’); H=const have no signs of
Curie-Weis law. Magnitude of AC susceptibility itose to 2*1C and its relative
change with magnetic field is not more than 4%. ¢déeim this case we are deal with
Pauli susceptibility and the data obtained indicdte high purity of the material
without ferromagnetic inclusions.

The frequency dependency of the imaginary parthef AC susceptibility for
frequencies up to 50 Hz for the as received sarfipiggnetic field applied along
<111>) for various magnetic field values can bensedrig. 3. The red lines show the
linear extrapolation to zero frequency of fittedau In relatively low magnetic fields
scattering of the measured values at frequencie®rldhan 15 Hz in an applied
magnetic field of 2T has been observed. Also a gbai the curve slope at magnetic
fields higher than 2 T was monitored (Figure 3).
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FIGURE 3. Frequency dependencies of the imaginary part osA&Eeptibility of sample N1 (as



received, B || <111>) for different values of tippléed magnetic field at T=2K.

The Eq. 4 can be expressed in another way: theimaggpart of AC-susceptibility as

a linear function of the frequengy = A2* f , so one can writet/ A2 = p/k, where
1/A2is a slope of the curve. The coefficiddA2 can be expressed in dependency on
frequency or temperature making two types of exti@mns possible: frequency or
temperature extrapolations. In case of the frequemtrapolation, the resulting slopes
are determined at a fixed temperature. Taking Emtal account and using the data
extrapolated to zero frequency at the various magfields measured (Figure 3), a
dependency can be deduced, which reflects the ehain@/A2 on the magnetic field
(Figure 4).
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FIGURE 4. Magnetic field dependence of FIGURE 5. Imaginary part of AC susc. versus f.
coefficient 1/A2. B||<111>, sample N1 ‘as Bl||<111>, sample N1 ‘as received’
received’

At fields higher than 3T the Kapitza linear law [@figure 4) is fulfilled (linear
increasing of the electrical resistivity by applyinof high magnetic field). Using the
frequency extrapolation at T=300K, obtained frone tmeasured curve shown in
Figure 5, one can calculate the residual resigtraitio RRR:

1/ A23OOK (6)
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TABLE 1.Residual resistivity ratio values obtained by the-gusceptibility method for samples
‘as received' in different orientations of the d@pgdlmagnetic field.

RRR=

Orientation RRR (B=0) RRR (B=3T)
<111> 310
<110> 280-300 270
[100] 280-300 260

To confirm the obtained results we measured the RBIRe for single crystal
samples using the standard 4-point DC method io mexgnetic fields. In this case the
RRR-value was determined by extrapolating the slafpthe temperature-dependent
resistivity in the low temperature region to T Tl0e samples were cut out from the
same material. The current through the sample watied in 2 directions: [110],
[111]. The measurement results are shown in Table 2



TABLE 2. RRR values obtained by the standard 4-point DC atktor ‘as received' samples in
zero magnetic field.

Orientation RRR (B=0)
[110] 269
[111] 280

Comparing Table 1 and Table 2 it can be conclutlatithe results obtained by the
DC method are in good correlation with RRR-valuemasured by means of the AC
magnetic susceptibility.

For the sample N2 the frequency dependency’ofor a magnetic field oriented
along direction [100] is shown in Figure 6A, B.

The different slopes for B=0 and B=3T (T=300K) artaused by a small
magnetoresistivity (Fig. 6A).
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FIGURE 6A, B. Frequency dependencies of imaginary part of sukgiptat B=0; 3T (T=2K;
300K) for sample N2 (etched 80um, 800°C/2h anngglin

From the extrapolation of each curve to zero freqgyethe RRR value can be
determined (Eq. 6). The RRR values obtained ongtmsple for different orientation
of magnetic fields are given in Table3.

TABLE 3. Residual resistivity ratio values obtained by the-gusceptibility method for sample N2
for different orientations of the applied magndiextd.

Orientation RRR (B=0) RRR (B=3T)
<111> not measured 226
<110> not measured 198
[100] 207 169

The temperature dependence of the coefficient A2 dedermined for the sample
N2 along [100] at a fixed frequency f=33Hz in a meitic field with B=3T (see Fig.
7). From this curve a linear dependency of theprecial of A2 with T has been
deduced as shown in Fig. 8. The values extrapokatdd-0 (Fig. 8) and at T=300K
yield RRR=166. This value is in good correlatiorthathe RRR value obtained by the
frequency extrapolation method (RRR=169).
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FIGURE 8. Dependence of coefficient 1/A2 vs
T2 for sample N2 in magnetic field B=3T along

axis [100] at f=33Hz.

The dependence of 1/A2 on the magnetic field obthiior the sample N3 (150 pm
BCP, 800°C/2h, B || [100]) applying the frequencgtr&polation method detailed
above is plotted in Fig. 9. The curve shows a puoeed discontinuity at a magnetic
field around B=1.5 T. Again this behavior can beaasated with a transition from a
partially disordered superconducting state to themal conducting state, while the
electrical resistivity above this transition lewdleys the Kapitza law.
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FIGURE 10. Magnetic field dependence of
electrical resistivity for Nb fine grain samples
with different etching rate.

In the same manner as described above, the RRRsvedu sample N3 at BJ|[100]
have been determined, i.e. RRR (B=0)=205 and RRETB=-181 respectively.

A similar behavior was observed for the magneteldfidependencies of the
electrical resistivity for Nb fine grain samplesnealed at1400C [4]. The curves of
electrical resistivity measured with the standafd method, shown in Fig. 10, reveal
that the normal to superconducting state transtieccur at magnetic fields close to
0.3 T for etched samples (20um, 80um BCP). Forcineet samples and samples with
a not completely removed surface damage layer thgnetic field doesn’t influence
the electrical resistivity and the sample remainsits superconducting state for
magnetic fields up to 3T. This behavior can be eoted with surface effects in Nb

described, for example, in [5].



SUMMARY

A method for measuring the residual resistivitya®RR of Nb single crystals was
proposed and examined. This method is based onune@asnts of the imaginary part
of the AC-magnetic susceptibility. The RRR valuésamumber of Nb single crystal
samples were obtained. The measurements of the &@hatic susceptibility were
performed on Nb single crystals oriented along rtieen crystallographic directions
for various different surface treatments. The depeoy of the imaginary part of AC
magnetic susceptibility demonstrates a typical ditean from the superconducting
state to the normal conducting state at differaiiical magnetic field levels. The
behavior of samples in magnetic fields above tligcal transition obey the Kapitza
law taking into account the dependence of imagimany of the AC-susceptibility on
electrical resistivity. The RRR values obtained thg AC-magnetic susceptibility
method are in good correlation with values obtaimgdtandard 4-point DC-method.

The proposed method has the advantage to measoudétasieously the different
magnetic and electrical properties even in caseeof small values of magnetization
and electrical resistivity. For measurements theadropy of resistivity on the single
crystal samples the AC-susceptibility method alsm ®e used more reliably in
comparison with normal DC method. The determinatodnthe resistivity can be
carried out by taking into account the size andstiegpe of the samples.
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