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Abstract

CrossMark

Detailed design of REBa,Cu307_, (REBCO)-based magnets ideally relies on knowledge of the
full angular and wide temperature range characterization of the critical current . of the REBCO
coated conductors (CC) at high magnetic fields. In practice, however, obtaining I.(B, T,6) data
by the commonly used electrical transport technique is expensive, tedious, and difficult, due to
high critical current values that exceed 2000 A for B||ab-plane (§ =90 deg). The conductors are
often damaged during angular transport measurements at angles approaching the ab-plane.
Therefore, so far, REBCO magnets have been designed without full I.(B, T, #) data sets. Here,
we present J. (B, T, 0) results for more than twenty samples of CC all made to the same
advanced pinning specification produced by SuperPower Inc. For this, we employed torque
magnetometry, benchmarking the results to transport /. measurements mostly made away from
ab-plane, finding good agreement with scaling factors ~1-1.3. What is striking is the huge
variety of properties exhibited by the samples, even for CC made recently. Given the huge
attention now being paid to the effects of screening currents and to the torques generated by
offsets between the tape plane and the local magnetic field vector, our data set suggests some
caution in detailed design of such magnets without having data of the type presented here.

Keywords: REBCO CC, angular critical current, magnet technology

(Some figures may appear in colour only in the online journal)

1. Introduction

REBa,Cu;07_, (REBCO, where RE = rare earth elements)

based coated (super)conductors (CC) are produced by several
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commercial manufacturers. Industrial manufacture has made
possible all-superconducting 30 T—class magnets [1-4] with
inner and outer coils made from REBCO and low temper-
ature superconductors, respectively. Fairly recently, a small
REBCO test coil (‘little big coil’—LBC) produced a mag-
netic field B=14.4T inside a B=31.1T water cooled resist-
ive magnet, pushing the world record of DC field to B=45.5T
[5]. This test showed the feasibility of building REBCO mag-
nets well beyond 30 T. Currently, several laboratories around
the world are attempting to build superconducting magnets
stronger than 30T; some of them are EMFL (30T/40T)

© 2022 The Author(s). Published by IOP Publishing Ltd
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[6], MIT (30.5T) [7], Sendai (30T) [8], RIKEN (32.5T)
[9], Hefei/Tsinghua (35T) [10], and CAPP (30.5T) [11].
Recently, the NHMFL has started a 40 T user magnet design
project [12], building on the lessons learned from the 32 T all
superconducting user magnet.

Unlike magnets made from isotropic conductors like Nb—
Ti, Nb3Sn or Bi-2212, magnets made from REBCO must deal
with a very marked superconducting (and mechanical) aniso-
tropy. Isotropic magnets generally have their performance lim-
ited by the region of maximum field, but magnets made from
REBCO CC have a much more complex performance envel-
ope. Solenoids now have their critical points not in the cent-
ral windings but in the end windings where the radial fields
depress the local critical current I far below that found for B
parallel to the ab-planes at § =90 deg.

The large angular variation of I, forces the central windings
to operate at currents far below the critical current, meaning
that induced screening currents dominate the winding, gen-
erating significant body forces and error fields [13]. Large
torques may also now be generated when the tape plane and
local B vector diverge. For these and other reasons, system-
atic critical current (I.) characterizations over a wide range
of magnetic fields (B), temperatures, and angles () are desir-
able. So far it is rare that they have been available. Close to
the ab-planes, 6 values can reach several kiloamperes at low
temperatures, making the usual transport current methods of
1. measurement difficult to use. Indeed, this is why there are
so few sets of I.(B, T, 0) data available for B > 20T, T < 30K,
and 6 ~ 90 deg—where B is close to the ab plane.

The high I. values of REBCO CC allow, conceptually, for
design of magnets that could reach magnetic fields of 40 T and
beyond. But as our 45.5T Little Big Coil showed, damage
is very often the consequence of operating in this very high
field range. Based on this experience, we believe that it will
be essential to carefully select the CC, above all based on a
detailed understanding of the I.(B,6) characteristics of each
tape used in the magnet due to the widely varying conditions
of each winding in the magnet. For now, pancake winding is
the most common method used for solenoid manufacture. At
the ends of the solenoid, especially at its outer edges, there are
regions subjected to strong radial components of the total field,
where the field angle 6 is far from 90 deg and . is low. In con-
trast I.(B,T,0 ~ 90deg) is several times larger in the center
of the solenoid; this condition of the transport current / being
much less than /. negatively influences the magnet perform-
ance for at least three reasons. First, it is difficult to induce
a normal state in central regions where I/I. is small due to
the huge /. margin, making it very difficult to dissipate the
stored magnetic energy throughout the whole magnet during a
quench. This spatially inhomogeneous heat dissipation may be
catastrophic for the magnet. Second, excessively high /. values
lead to huge screening currents which may cause mechanical
damage due to excessive stress. Third, any conductor move-
ment due to the large Lorentz forces or torques may induce
additional screening currents and heating, leading to quench
and potential degradation.

In principle, such a complex field, field-angle profile in the
magnet might suggest a design philosophy for the conductor

Figure 1. A photo of 0.9 mm wide ReBCO bridge burnt after
current has reached 850 A for the B||ab-plane configuration in LHe.
This advanced R&D sample was made at University of Houston and
measured at the NHMFL [17]. One voltage tap is seen at right.

in which the conductor should display a tailored lengthwise
I.(x) profile in which /. (x) increases smoothly from the inner
towards the outer magnet turns so as to balance the sharp
I.(B,T,0) dependence of REBCO itself. However, at this time,
even the simplest /. (x) profile (i.e. I.(x) ~ const.) is not avail-
able, as some I (x) fluctuations are always present [14]. Fur-
ther, significant differences are often found between manufac-
tured CC tapes with identical nominal specifications [15, 16].
However, such unintentional I (x) variations, also allow for
some intentional sorting of the conductor between end and
central pancakes. Such considerations reinforce the need for
a new, effective tool for tape characterization at low T, which
would enable better conductor selection.

As mentioned before, conventional transport measure-
ments are extremely difficult to perform at low temperatures
where I is high and in strong fields where strong electromag-
netic forces and torques develop. The main difficulty consists
in delivering kiloamp currents to a rotating platform inside
a very limited space. Indeed, when B||ab-plane, critical cur-
rents in 4 mm wide tape, may reach I, 2 2000 A at 4.2 K. Fur-
ther, current leads have so far been out of REBCO tapes to
reduce heat dissipation; these are fragile and difficult to secure
in the presence of very strong Lorentz forces, often break-
ing during measurements. Moreover, /. dropouts can produce
a substantial electric field E locally, due to the strong non-
linearity of the E(I). The resulting voltages barely contribute
to the overall voltage measured on the voltage taps, but they
may generate local heating and sample damage (figure 1). Fur-
thermore, screening currents induced during field sweeps and
sample rotations add to the problem. These screening currents
are comparable to transport critical currents, and exert signi-
ficant forces and torques on both the sample and current leads.
Indeed they exist even if no transport current is applied when
the REBCO is inserted inside a powered external magnet.

Beside all of the above, accessibility to strong mag-
netic field in resistive magnets is limited and measurements
are costly, requiring a high amount of energy. The early
attempts [18-20] could not access high (B 2 20 T) fields, low
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(T < 30K) temperatures, and angles 75° < 6 < 105° around
the ab-plane. Thus only rather limited data sets are available
for developers of high field magnets [21-31].

The angular I, at elevated temperatures (around 77 K) has
received much attention; this regime displays a rich vortex pin-
ning phenomenology and a complicated angular current pro-
file [32], reflecting a pinning landscape arising from multiple
types of pinning centers. In contrast, the angular /() range
around € =90 deg was seldom investigated at LHe temperat-
ures; the first measurements reported [21, 23] revealed that
the I.(6) profile is much simpler at 7 =4.2 K than at elevated
temperatures. Here, I.(6) shows a minimum (or very weak
maximum for BZO doped samples) at § =0 with a smooth
variation up to a pronounced maximum at § =90deg. The
full width at half maximum (FWHM) around the ab plane
(0 =90deg) is of order ~12 deg at B= 30T [24] for non-BZO
samples and increases with higher densities of artificial pin-
ning centers.

2. The method

Instead of searching for solutions to mitigate the strong effects
induced on CC samples by the significant torques arising from
screening currents, we developed a device to measure the
torque and assess I.(B,T,0) from torque values. This novel
torque magnetometer (US patent pending) will be described
elsewhere [33], while the idea is shown in figure 2. Indeed, it is
well known that the magnetic moment 7 arising from induced
screening currents is proportional to I, up to a certain geo-
metrical factor related to sample dimensions. Since, accord-
ing to the magnetic moment definition, the torque is given by
T=mx E knowing the 7 allows one to assess I.. Moreover, it
is widely accepted that the geometrical factor extracted from
transport measurements at particular (B’,7’,0’) can be used
to scale I, from m made at any arbitrary (B, T,6) [30].

In particular, for rectangular thin films like a REBCO CC a
simple integration yields [34]:

m= iJcthl (1-3) (1)
where w, [, and ¢ denote the sample width, length and thick-
ness, respectively. The above formula was calculated assum-
ing that J. is homogenous, isotropic in plane, and that the
sample plane is perpendicular to B.

However, when the sample is rotated vs. magnetic field
around X parallel to the longer side of the sample, the cur-
rent flowing in the y-direction parallel to the shorter side, is
not subjected to the full Lorentz force, as happens in the X-
direction. This leads to J¢ > J¥. The I’ current needs than a
narrower path than /¥, leading to a redistribution of current,
and equation (1) becomes:

1
m= —J.w?l (

wJy
2 ) (2)

RIS

We do not know the exact J¥/J{ ratio, but clearly JX/J¢ <
1, which leads to an increase of the observed moment

actuator

load cell

fishing lines

rotator platform
with sample ;

weight

rotator pulley

Figure 2. An idea of torque magnetometer used here. The actuator,
driven by servo motor, rotates sample on the rotating platform with
fishing lines. The load cell measures tension T of the line. The
tension is proportional to the torque from the sample and the radius
of rotator pulley plus balancing weight. T =7 X r+ W.

(and torque). Indeed, when the fraction of the sample that can
accommodate the I’ current decreases, then a larger fraction
can carry I* which contributes to the torque around ¥. The data
on J? is scarce, but the J¢ /JZ ratio can be substantial. In this
case, the m and 7 observed in a square sample (w = [) could be
overestimated by roughly 50%. This error can be avoided only
by employing long samples with high I/w aspect ratio, so that
w/3l — 0, as discussed in details in [35].

Our torque magnetometer can measure torque and, there-
fore, assess J.(B,T,0) over the full angular range 0°-360°.
It can measure at temperatures ranging from LHe to <60K,
including the region just above 4.2 K, where transport meas-
urements in He gas are virtually impossible because of high
power and lack of effective cooling [36]. Importantly, it is
compatible with both superconducting and resistive magnets
at the NHMFL. Initial measurements were carried also in the
45 T hybrid magnet which has a smaller cold bore (only 16 mm
vs. 39 mm in other magnets). This indicates that the magne-
tometer can be also scaled to e.g. popular physical property
measuring systems. Further, the magnetometer accommodates
large samples (usually 13mm X 4mm, 10mm X 2 mm in the
hybrid); in these samples the contributions of the reversible
magnetization [37, 38] arising from vortices is negligible, the
signal being dominated by induced macroscopic screening, or
Bean [39] currents. If we reduce sample dimensions to use a
cantilever torque magnetometer, the reversible magnetization
will be a substantial part of the signal. This is because magnetic
moment from screening currents scales as /w? while revers-
ible magnetization just as the sample area Iw. Also, for large
1/w ratios the contribution of the return currents (parallel to %)
at the sample’s ends are practically eliminated [34, 35]. Fur-
ther, measurements of full width samples can be used to study
entangled electromagnetic and mechanical properties includ-
ing high torques and stresses enhanced by screening current,
which are both critical for magnet development. Again, the
magnetic moment (and the torque) per sample area unit is pro-
portional to sample width, as seen in equation (2). In addi-
tion, this torque magnetometer performs measurements very
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Figure 3. Comparison between transport and torque magnetometry
data: I.(B, ) as a function of 6 obtained by transport at

B =3,5,10,15,20, and 25 T (symbols and dashed lines) and data
deduced from torque magnetometry at B =3,5,10,15,25and 30 T
(solid line). These data were multiplied by K = 1.1 to fit transport
data. Since the torque vanishes at # = 0, the calculated

I.(0 — 0) < 7(8)/sin(8) — 0/0, is noisy around 6 = 0. However,
at these angles /. is low and it is easy to measure in transport.

fast, drastically reducing LHe consumption in comparison to
traditional transport techniques. Lastly, the I.(B,T,6) values
derived from torque measurements and multiplied by K = 1.1
are in good agreement with transport data, as demonstrated in
figure 3. more general we found K = 1-1.3 comparing torque
in other samples for which angular transport data are available
[16, 24, 40].

3. Results and discussion

Many REBCO CC magnets today are designed with transport
data on narrow bridges obtained by Xu et al [23, 24]. These
data were later parameterized by Hilton ef al [41] on a few
2010 vintage SuperPower advanced pinning tapes. In partic-
ular, sample M3-745-MS20 (or SP26 see #1 in table 1 and
figure 3) became a widely used standard. It took 2 weeks of
effort to obtain these far-from-perfect transport data. Many
samples burnt or degraded during these measurements as
shown in figure 1. Despite many attempts, there was no single
point measured at 30 T while the 25 T data are also incomplete.
Figure 3 compares these old transport angular /, data together
with the recent data obtained by torque. All the torque data are
calculated from equation (1) and then multiplied by a factor of
K = 1.1 to fit the transport data. It is clearly seen that there is a

correspondence of these data sets with a maximum deviation
of less than 20%. without any systematic deviations with B or
6. There are rather random differences connected to experi-
mental statistical errors. The torque measurements took only
an hour and a half. No sample degradation was observed, even
at the highest field.

During measurement, the sample is rotated in field at a
rate of 0.5 deg s~! or less. However, weaker signals corres-
ponding to configurations around the c-axis or at elevated
temperatures take slightly longer. On the other hand samples
that can carry high I, values and/or are engineered with
very thick REBCO layers require slower measurement, to
avoid magneto-thermal instabilities. Nevertheless, measure-
ments with our torque magnetometer can be performed fast, as
it takes only about 3—6 min to measure over a range of angles
0 such as, say, —30 < 6 < 210 deg. Effectively, we are able to
measure torque in this angle range in 6-8 different magnetic
fields in only one hour, which also includes the sample cool
down. Thus, our method makes possible extensive testing in a
fast and economical way. Indeed, we were able to character-
ize the angular critical current at different fields and temper-
atures in more than 50 samples at the highest fields available.
Here we focus on the I.(B,4.2K,0) in LHe at various mag-
netic fields ranging from 5 to 30 T. The temperature depend-
ence of samples with known nanostructural differences will be
discussed in detail elsewhere [42].

Figure 4 shows results from three recent samples manufac-
tured by SuperPower Inc. The samples are ‘standard’ mar-
keted as advanced pinning centers (APC) product category
with nominal Zr doping off 7.5%. However, their properties
were graded by varying the REBCO thickness. It is clearly
seen, that this process was quite successful.

Table 1 shows representative set of 25 samples manufac-
tured between 2009-2020 and characterized by torque. Their
superconducting film thickness varies by a factor of two, from
0.8 to 1.9 um, while the copper stabilizer thickness ranges
between 5 and 40 pm. The stoichiometry—that is, yttrium and
gadolinium content—is also slightly different among samples,
however we do not have any data from the vendor on this
point. Samples were made in two different MOCVD reactors,
M3 and M4. All the samples measured with torque used in
this paper were marketed as advanced pinning centers (APC)
product category with nominal Zr doping of 7.5%.

We can divide these samples into three groups:

(a) Older samples (#1-7) were grown between approx. 2009—
2015

(b) Newer samples (#8—17) were grown in last 5 years, or so

(c) A set of 2020 samples #18-25 were cut from the same
recent conductor. This allows us to see that small I, (77 K)
fluctuations translate into substantial (480-630 A at the ab
plane).

Figures 5 and 7 illustrate how differently samples from
older group A and newer B and C groups behave as a func-
tion of field and field angle. Figure 5 shows I*’(B) maxima
at the ab plane plotted vs. field for several samples in semi-
logarithmic scale. The I is normalized at B=15T for clarity.
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Table 1. Parameters obtained from torque measurements. All the conductors used in the present study were delivered by SuperPower Inc.
and made in MOCVD machines #M3 or #M4 to the same ‘advanced pinning centers’ (APC) formula with 7.5% BZO doping. The

second and third columns show SuperPower and our labeling, respectively. The 4th column shows /. at 30 T. The full width at half
maximum (FWHM) at B = 30T is shown in col. 5th. The FWHM was determined from experimental data as 6g — 6., where I.(6r) =
1.(6L) = (I + I5) /2. A fitting parameter w from equation (7), listed in the next column, also describes the width of the /. peak (it increases
as peaks narrow, in contrast to FWHM). It also describes the anisotropy of the fitting function in equation (7). Parameter v = I% /1<
describes experimental anisotropy at B = 30T. In turn column 8th shows experimental ratio of /%’ at 30 T and 5 T at the ab plane, while the
last column shows a parameter describing exponential decay of I. with field at the ab plane: I?° « exp(—B/By) determined from fits.

#  SPname Name  I(30T) (A) FWHM (deg) w ye = ’15:((33(?;) % Bo (T)
I M3-74520  SP26 1240 10 177 10 0.67 66
2 M3-7452  SP49 1051 9.6 185 82 0.76 96
3 M3-858 SP48 727 12.4 147 65 0.58 43
4 M42182  SPI39 1526 15.6 10 6.5 0.58 43
5 M3-1028-1  SP144 922 6.6 29 10.3 0.61 65
6  M42453  SPIS0 1086 9.7 19 12 0.7 58
7 M42532  SP215 1670 15.8 101 65 0.61 46
8  M45763 D3 430 9.7 21 7 0.56 41
9 M4-576-4 D4 620 10.6 18 7.7 0.56 41
10 M3-1433-6 D5 676 143 128 58 0.54 38
11 M3-1433-6 D6 674 12.8 145 78 0.59 50
12 M3-14265 D7 1067 11.6 154 66 0.62 54
13 M3-14253 D8 1053 14 18 5 0.58 41
14 M3-13332 D9 584 11.8 17 8.1 0.54 37
15  M3-13523  HI 1210 16 112 61 0.62 40
16 M4-506-3  H2 864 14.4 1.1 58 0.53 38
17 M4-5333  x-13 753 22 82 52 0.55 37
18 M4-526-6  a-l 621 19.4 92 5.1

19 M4-526-6  c-3 623 17 102 5.1 41
20 M4-526-6  e5 675 15.7 119 57 0.56 37
21 M4-526-6  £-6 540 21 83 45

2 M4-526-6 g7 493 21 86 47 0.45 29
23 M4-526-6  i-9 562 18 94 54 0.63 40
24 M4-526-6 k-1 495 21 85 46 0.47 30
25 M4-526-6  1-12 450 12.8 148 62 0.65 26

2000 T
[V3 13523/ grades M4 506-3  grade2 M4 576-3  graded

~— |B=5/10/15 B=5/10/15/20/25/30 T
i 20/25/30 T T=4.2K

B=5/10/15/20/25/30 T

30 60 9 120 150 30 60 a0 120 150 30 60 9 120 150
6 (deg) 6 (deg) 6 (deg)

Figure 4. Critical current obtained from torque vs. angle measurements at various fields for three relatively new samples purchased for the
NHMEFL 40T project. The conductors were intentionally graded to have different critical currents. As it is clearly seen, this procedure turns
out to be quite successful.
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Figure 5. I.(60 = 90deg) for samples as a function of B plotted in
semi-log scale. Data are normalized at B= 15T, for clarity. Samples
are labeled with numbers from table 1, however the most important
point made here is that in the older samples (blue symbols) I.(B)
decays slower than in the newer ones (red symbols). The solid lines
represent exponential fits I oc exp(—B/Bo) (not all are shown).
Fitting parameters By are listed in table 1. The inset shows the same
data plotted in log—log scale.

The inset shows the same data plotted in double logarithmic
scale. Clearly, the data are much more linear in the semi-
logarithmic scale, indicating that the data are better described
by an exponential rather than a power function:

I2"(B) = I2="exp(~B/By). 3)

In general, it is challenging to determine the functional
dependence of I.(B) when this changes not more than 50%
while B changes less than one order of magnitude (from 5 to
30T). Figure 5 clearly shows that this dependence is closer to
an exponential. This is in contrast to behavior observed away
from the ab plane, where [, is described by the power function
I.(B) x B~%, with 0.45 < a <1 at 42K. [24, 43] where «
varies from a =~ 0.45 for no-BZO samples to o~ 1 for strong
BZO doping.

The exponential behavior observed here is also in contrast
with theoretical predictions [44] and published scaling models
[16, 30]. This discrepancy may stem from the different method
of measurement employed. Further, we measured full width
samples, where huge screening currents may give rise to large
stress; this may cause, in turn, a faster /°(B) decay. However,
Branch et al [45, 46] has shown that elastic strains have only
a small influence on I. at T =4.2 K, in contrast to elevated
temperatures.

Figure 6 shows some old, partially published (but misinter-
preted then) [24] transport data of 1%°(B) which clearly show

1500

rr17rrffifrfrfrirrrfrrrf el Y

M3-745

T=42K, B|lab
transport

750

5 10
600 Sttt it
5 10 15

KD

1 PR [l

20 R (T) 30

Figure 6. Transport data I.(6 = 90deg) vs. B for narrow

(w~ 1 mm) samples plotted in semi-log scale. The straight lines
represent exponential fits I oc exp(—B/By). Samples M3-609,
M3-612 are not doped, while M3-687 is nominally 10% BZO
doped. These samples are not listed in table 1 as they were not
measured by torque. Sample M3-745-20 is #1 in table 1, however it
was cut from different part of the conductor. The parameter By
describing exponential decay was found to be 86,78,66, and 55T,
respectively. The inset show the same data plotted in log—log scale.

that 1 (B) decays exponentially for both BZO doped and not
doped samples. This eliminates the method of measurement as
the reason of the discrepancy between experiment and theor-
etical scaling models mentioned above. Well, the resistive data
were taken on w < 1 mm bridges. According to equation (1),
the induced current scales as w?. Thus the current and the stress
is ~16 times lower than in the 4 mm wide samples used in
torque measurements. Moreover, some of the resistive meas-
urements were carried on samples cooled down at fixed angle
0 ~ 90 deg and without field, so screening currents were virtu-
ally zero. Hence, neither the stress nor the method contribute
to the discrepancy between experimental data and theoretical
models and assumptions.

Figure 7 shows the angular current deduced from the torque
measurements at B=30T. All the samples are doped with
7.5% BZO. For clarity, traces are normalized to unity at
0 =90deg. As it is clearly seen, I.(f) decays with angle at
significantly different rates for the various samples measured;
this leads to a drastic variation of their anisotropy, Y. = I* /I
reaching values as high as 10 for sample SP144 and only
around 5 for samples #18-25, see table 1. The ‘newer’ samples
display a lower anisotropy and wider ab peaks, characteristics
which are beneficial for magnet applications. The sample SP26
made <2010, widely used for calculations and simulations,
displays one of the sharpest ab peaks. Detailed TEM analysis
[16, 27] has clearly shown that the observed variations of the
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Figure 7. I vs. angle at B=30T for different samples. For clearer
comparison, data are normalized to unity at § = 90deg. Samples are
labeled with the numbers from table 1, however the most important
point here is that the newer samples (red lines) show wider . (6)
peaks around the ab plane than the older ones (blue lines).

anisotropy are strongly dependent on the quality of the BZO
nanorod growth. In particular, they are affected by the dens-
ity and length of the BZO columnar defects. Large pins do
not determine pinning at low 7, but their quality has a strong
influence on the pinning via the strain that they introduce into
the REBCO matrix and resulting potential fluctuations. In par-
ticular, the sample SP144 contains significantly poor qual-
ity BZO columns; consequently, it also displays the highest
angular anisotropy and the sharpest ab peak. Moreover, it is
also characterized by an anomalous angular critical current at
77K although, normally, BZO doping leads to significantly
higher I. around the c-axis than at the ab-plane, as observed
in samples SP26, 139, 180, 215. In SP144 these maxima are
almost equal [16].

To sum up, ‘older’ conductors have sharper ab peaks but
significantly weaker I.(B) field dependence. It is just the
opposite in the ‘newer’ samples, which present wider ab peaks
but faster I*’(B) decay. Whatever is the change in techno-
logy, it seems beneficial for magnet construction. Sharp angu-
lar anisotropy (1%° /I reaching 10) limits magnet performance
much more than /. field dependence.

4. Parameterization

Several attempts were made to generate a functional descrip-
tion of the I.(B,0) data [28, 41, 47, 48]. The phenomeno-
logy at low T is much simpler than at high 7. There is only
one pronounced I.(0) peak at T=4.2K, located at the ab
plane; in contrast, the I.(f) around the c-axis is quite flat
[21, 23, 24, 27]. Theory, with some exceptions, does not
deliver any analytical formula for I.(B,#). Indeed, this is a
complicated many body phenomenon where the interactions
between vortices and vortices with different landscapes of dis-
order must be taken into account. Moreover, in the region of

strong magnetic field which is of interest here the density of
vortices becomes very large. This leads to strong inter-vortex
interactions and multi-vortex occupation of pinning centers.
There are only rather qualitative assessments, such as [49] for
weak interaction and low vortex densities. This model predicts
apower function field dependence (with small logarithmic cor-
rections) of the critical current, I.(B) o B~. The exponent is
a 0.5, as observed, indeed, in non-BZO samples [24, 27] far
from ab plane. In contrast, the so called anisotropic scaling
approach [44] predicts for uncorrelated disorder that I.(B,6)
scales merely with Be, where

€= \/72 cos2(6) + sin*(h), 4)

and v~ 5-7 is the electron mass anisotropy. This electronic
mass anisotropy should not be confused with the experimental
critical current anisotropy 7. = 1%’ /IS used in table 1. For clean
samples, so called Ginzburg—Landau (G—L) scaling (equation
(4)), sometimes works well at high temperatures [50]. It hap-
pens especially far from both the ab plane and the c-axis,
where uncorrelated pinning dominates. Thus, some paramet-
rization attempts use the magnetic field anisotropy factor €(6)
as a starting point to describe the angular /. dependence. These
practical approaches have just a formal, rather than physical,
meaning. Using the large set of I.(B, #) data we collected, we
compared the two formulae used previously [28, 41, 47].

The first formula contains the Ginzburg—Landau anisotropy
term as defined in [28, 41] €(#). Some models use €(f) to
some power k, as in [27, 28, 51] and these are modified Kim’s
approaches.

a(B) —c(B)
\/oﬂ(B) cos?(6) + sin*(0)

I.(B,0) = +c(B). (5

Sometimes the exponential approximations is used:

a(B) —c(B)

I(B,0) = exp(|w(B) (0 — 90deg|)

+¢(B). ©6)

Here we introduce the ‘cosine squared’ formula:

where:
a(B) = ajexp(—B/ay),
c(B)=c1B™,
and
w(B) = w B (®)

in equations (5)—(7).

Figure 8 clearly shows that all three fitting functions give
resonable descriptions of the data around the ab peak. How-
ever, an exponential function is always too sharp around the ab
plane, while G-L-like functions have long ‘tails’ and underes-
timate the /. for angles closer to the c-axis. The ‘cos square’
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Figure 9. Critical current vs. field and angle for three different conductors (#15, #16, and #8 in table 1, also shown in figure 4). Values of of
I were obtained from fits to experimental data using formula equation (7). For 5 < B < 30T the fitting procedure is an interpolation, while

beyond 30T it is an extrapolation.

function has the advantage of giving a good description both
around the ab peak and closer to the c-axis. This is because
I. in equation (5). tends to ¢(B) as I, — 1/cos(0) + ¢(B) for
6 — 0, while for the ‘cosine squared’ expression equation (7).
I. — 1/cos?(0) + c(B), the first component vanishes much
faster for small angles. Thus, /. becomes just I. = c|B~;
this agrees very well with the observed /. o< B~ in the range
0 < 0 < 45 deg for BZO-doped samples [24, 27]. Equation (7)
is somewhat connected to equation (5). but, again, without
explicit physical meaning. The cos? in the denominator simply
describes better the I.(6) dependence near the ab plane (as
the G-L model does too) and, at the same time the observed
I. flattening at angles closer to the c-axis (as an exponen-
tial function). As a result, good six parameter fits can be

obtained without any starting values and constrictions. The
Mathematica FindFit function was used in this global fit pro-
cedure in the angle-field space.

In previous attempts, the field dependences of the para-
meters w and a(B) were estimated with power functions
or modified power functions. Here, because of the exper-
imentally observed exponential field dependence a(B)=
ajexp(—B/ay), our parametrization describes the experi-
mental data better in a wide range of angles and fields. In the
range of 30 < 6 < 150deg, the fitting curves depart from the
experimental data by 10% or less.

Figure 9 shows plots of I.(B,0) for three different ‘new’
samples used in the 40 T NHMFL project. These data are
compared to the ‘vintage’ SP26 sample taken from the 32T
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NHMFL project. Surfaces were calculated from the fits in the
5 < B < 30T range and extrapolated beyond 30 T. Figure 9(b)
clearly shows the non-trivial behavior of I.(B,6) for different
(B, 0) ranges when the corresponding I.(B,6) surfaces inter-
penetrate. It is clearly seen, that ‘newer’ sample M4-505 (#16
in table 1), exhibits higher /. at high fields and far from the ab
plane than ‘older’ sample M3-745 (#1). This is very important
region for magnet operation.

5. Summary

The rapid and inexpensive assessment of I.(B,T,6) delivers
plenty of high field data that are very important for magnet
design. It may also deliver data that may be important for
materials science, where the full characterization of samples
from different processes is essential for progress. Presen-
ted method also has the potential to explain the physics of
pinning. So far, analytical—and even numerical—calculations
describe poorly systems where there are more vortices than
pinning sites, as it is at very high magnetic fields.

In particular, we determined parameters of dozens of tapes
grown over the last decade with the same market specific-
ation, although not all are presented here. We found, that
I°(B) at the ab plane decays exponentially rather than with
power function, as it was assumed so far. We also found some
time-dependent changes in properties with recent production
characterized by faster I’(B) decay than in old samples. In
turn, this is compensated by a slower I.(#) dependence. This
weaker I.(6) anisotropy seems to be very beneficial for mag-
net construction. Intentional grading during the growth seems
to work well, while unintentional lengthwise and conductor-
to-conductor current fluctuations still exist.

From a long-term perspective, torque magnetometry can
certainly help in the construction of more powerful scientific,
nuclear fusion, NMR and accelerator magnets. Stronger,
steady fields of all-superconducting magnets will also make
it possible to explore various topics, such as high temperat-
ure superconductors under higher B/ T ratios and new quantum
states in 2D and 1D devices. There are many NHMFL users
studying such structures who need measurements that require
the highest possible fields for the longest possible time while
tuning sample carrier density, shape and other properties using
electric gates. Such measurements cost 10-20 times more if
done in resistive magnets, compared to all-superconducting
ones.
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