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Nonlinear response of type Il superconductors: A new method of
measuring the pressure dependence of the transition temperature T.(P)
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A technique of measuring.(P) in the diamond anvil cell by the third harmonic of the ac
susceptibility §5) is described. It requires no background subtraction and allows the use of gasket
materials made from hardened steels. In addition, the observed peak structur&/ip tisel' data

allows regions with different critical temperatures to be distinguished. Results for single crystals
(with typical size, 0.25 mm0.25 mmx0.1 mn) of the TLBa,CuG;, s and YBgCu,0O;_ 5 systems

are presented. The effects of sample inhomogeneities and nonhydrostatic conditions are discussed.
© 1998 American Institute of PhysidsS0034-67488)03403-0

I. INTRODUCTION The basic principle of the measurement is that the third
harmonic of the ac susceptibility gives a measure of the

Conventional measurements have utilized ac susceptibilosses induced by flux motion in a type Il superconductor.
ity to determine the pressure dependence of the supercombove T., the nonlinear effects are vanishingly small. Well
ducting transition temperaturd,.(P). Most groups use a belowT, the critical currentj;) is greater than the induced
primary coil coupled to two secondary coils: one containingac current in the sample. In this regime, the dissipation is
the superconducting sample and the other empty for backsmall and the third harmonic signal is again too small to
ground subtractioh? Usually nonmagnetic gasket materials detect. Close td,, however,j. drops to zero and hysteresis
with relatively large samples are used in order to separate theccurs in the presence of an alternating magnetic field. The
signal of the superconducting sample from the large, temsurface lossW, due to hysteresis, generates a signé;J,
perature dependent background of the gasket and the cedlt three times the fundamental frequency. Assuming a field
This precludes reaching the highest possible pressures whiéhdependent critical current, Beafound the surface loss
are achieved by using high-strength gasket materials, such &xuced by traversing the hysteresis loop to be

Inconel and stainless steel, and small volumes of hydrostatic 3
fluid. One group has solved this problem by measuring the = g_ ergs/cm,
second harmonic of the ac susceptibifitiftheir technique 1277

relies on the use of a special nonmagnetic stainless %teelyhereH, is the amplitude of the applied field. Becauge

which is not readily available and fairly complicated, goes to zero af .., a large peak is produced in sweeps/gf

custom-built electronics, required to reduce the size of the/s T, giving an extremely sensitive means of detecting the

background signal. transition. The shape and temperature dependence of the
We show in this article that another approach, namelypeak is strongly influenced by pinning. If there is no dc field

the measurement of the third harmonic of the ac susceptibilapplied, the sharp onset &f;; coincides withT,. and the

ity, can be used to determirik,(P) without the problems irreversibility temperatureT;, . In the presence of larger dc

inherent in the above methods. Using readily available, offfields, however, this onset occurs at a lower temperatures and

the-shelf electronics and standard gasket matefilatgh  only corresponds td@;,. Unlike other proposed techniques

magnetic and nonmagnetione can build a simple system for measuringT;,, the V3; peak is independent of sample

to accurately measurg;(P) of small samples. Such a mea- dimensions and thus represents the true onset of

surement sees only nonlinear effects, such as the onset feversibility® As a result, the third harmonic of the ac sus-

flux motion in a superconducting sample and is not sensitiveeptibility has been studied and used extensively for charac-

to the eddy currents produced in the gasket. Furthermore, oterizing type Il superconductofs®

measurements show that even magnetic gasket materials do

not contribute to the background of the third harmonic sig-

nal. This technique can also be used to detect variatiofiis in - EXPERIMENT

that can arise from inhomogeneous samples or from possible 116 giamond-anvil-cell setup is shown schematically in

pressure gradients in the medium. Fig. 1(a). The bottom diamond is stationary; the top is move-
able. Pressure is applied at room temperature by a screw

dElectronic mail: reevesme@gwis2.circ.gwu.edu which advances the upper diamond toward the lower one.
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FIG. 1. (a) The diamond anvil cell with primarg400 turn$ and secondary

coils (350 turng, (b) the circuit for measurement of the superconducting

transition. FIG. 2. V3 measurements onXI1xX0.1 mm TI2201 single crystals. These
crystals are five times larger than those used in the diamond-anvil cell and
the panels illustrate the additional information gained by the third harmonic

The diamond (_:uletg are about 1 mm in diameter. Pri_mary anicmh:gfyesgcgo\z ?32?0;]0:’2?'922{)5; gpydsttgllEﬂ;g;m;:f:g;%n;g;e;ﬁg the
secondary coils with 400 and 350 turns, respectively, ar@nnealing.

wound from 25um diam wire and varnished onto the dia-
monds. The secondary coil is not counter wound, and neith

is there a need for a bucking coil as in many experimentaeﬁl' RESULTS AND DISCUSSION
configurations. Unless otherwise noted, the gaskets used # Studies of Tl ,Ba,CuQOg,5at 0.1 Pa
this study are made from hardened stainless steel, with thick-
ness, 0.51 mm. The gaskets are preindented and a 0.48 Mk

diam hole is drilled in the center.

Temperature (K)

Initial studies of inhomogeneities in superconductors and
effect of gasket materials on the third harmonic signal
. . ere carried out in a mock-up of the diamond-anvil cell.
. To prepare the cell, the gasket hole IS 'O‘T"de_d with smal igure Za) shows the superconducting transition for a single
pieces of the superconduct(_)r and ruby chipsifiasitu pres- crystal of TbBa,CuG;, 5 (T12201). For this measurement, the
sure measurements. Care is taken to leave ample room f?ﬁetal gasket was removed in order to make ¥he signal
the pressure mediufto prevent the diamonds from pressing observable in the raw data. Thg; data show several peaks,

directly against the sa}mpland to ensure a hydrostatic pres- ach presumed to correspond to a different inhomogeneous
sHurle b?f?rtfhthehrptgd|??Qflreezg;.z,?ls shown by Noa}(ck ?ngegion within the sample. In the first harmonic voltdéég.
olzaptel, the shitt in an uorescence peaks o 2(a)] these inhomogeneities produce a broadened transition.

. - B 1
rub}/égh/d P, ISdt?Echjna”y 'Ovart'r?”%- Thga\r%’:llue of 0.365 Figure 2b) shows a different TI2201 crystal with a broad
nm a Is used to determine the pres y Measunng - .4nsition centered at 27 K. Figuréc? shows the transition

the difference between fluorescence produced by rubies INor the same sample after annealing at 400 °C for 16 h in

side and outside of the gasket, the pressure can be Olet(?{élium gas. The sharper transition at a highigrindicates

{nmed V‘;'th'n an uncfertalnty 0t0.1 GPta tr_:_rr(])ughout the that the sample is now reduced and more homogeneous with
emperature range of our measurements. The pressure Spect to oxygen content.

dium used is silicon oil or an alcohol mixture, and the high- Figure 3 shows the transition of a YB2,O, ,

est pressure achieved is 8.4 GPa. More spec_:ific Qetails on t QBCO) sample placed in the gasket hole of a 0.28 mm thick
appllcatlop and measurement of pressure in this particul ardened Inconel gasket. Even though the gasket is mag-
cell él.re glverl; e'lsewherr:e. tic of the circuit f . netic, it produces no measurable effect on the background or
th igure X L'St?‘ sct ema_lt_lc 0 A Ie c:(r(_:w or lr_nﬁgasurlng the noise level of the signal. In conventional ac susceptibil-
€ superconducting transiton. ock-In amplitreipro- ity, the signal from the magnetic gasket would dominate and

V|_des ac cqrrent o th_e primary coil A f|ye pole, PasSIVe. e superconducting transition would be difficult to observe.
high-pass filter at the input of the lock-in is used to reduce

the size of the fundamental voltage relative to that of the

third harmonic* In our experiments only the amplitude of .

the third harmonic signal is recorded. The fundamental fre—B‘ Studies of YBCO under pressure
quency used is 10 kHz and the rms current supplied to the T.(P) for YBCO was measured with silicon oil and with
primary coil is 0.5 mA. With this current, the ac field from a methanol/ethanol mixture as the pressure medium. A com-
the coil at the sample is approximately 0.1 Oe. parison of these studies shows that, unlike conventional ac
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FIG. 3. Transition of a YBCO single crystal in the presence of a hardened 0 1 2 3 4 5 6 7 8
Inconel gasket. There is no detectable signal from the gasket. Pressure (GPa)

susceptibility measurements, the third harmonic techniqué€lG. 5. The full width at half maximun{FWHM) average of the two

can be used to detect structure within the transition due t@Py fluorescence peaks vs pressure for a silicon oil medium and a
nonhydrostatic conditions. methanol:ethanol::4:1 mixture. The data are the resulting spectra from three

. . . ruby chips distributed throughout the pressure medium and are measured at
T.(P) data for YBCO with silicon oil as the pressure T-g2 k.

medium are shown in Fig. 4. After each run, the diamond

anvil cell is warmed to room temperature for 16 h, the prestemperaturd® At 2.4 GPa,T (P) decreases to 91.8 K, while
sure is increased, and the cell is cooled again. At 0.1 Pa th@e pase of the peak broadens. At 2.6 GPa the peak broadens
sample displays a transition at 8%.0.3 K, whereT, is de-  fyrther, while separating into two distinct regions. When the
fined by the center position of the peak. The transition repressuyre is increased to 3.6 GPa, peaks appear at 91.1, 91.9,
mains relatively sharp at 2.1 GPa ahdincreases t0 93.1 K. gng 93.1 K. Finally, the test at 3.6 GPa was redone after
The increase il is consistent with an earlieF¢(P) study  \yarming the cell to room temperature for 16 h. As seen in
on a YBCO sample with a similar 0.1 Pa ftransition rig 4, the 93.1 K peak has disappeared and a shoulder ap-
pears between 92.0 and 92.8 K.
140 The broadening of the superconducting transition in

120 | +‘21 GP ' ‘ RPERRRRE Te(P) tests has been observed in other measurements, such
1000 | v 54 GPZ R L S as reslls.t|.v|ty and the first harmonlc of the ac
S sof.|——26GPal. . .. N A susceptibility:**® However, such techniques usually define
TH B0 F T, to be the onset or midpoint of the transition and the prob-
ET N S SO S , lem of the width is ignored. The above results show that such
op W gy a1 ol il a definition of T, may not accurately represent what is really
0 i i N PR a set of distinct critical-temperature regions within the
O0e————T1 17— samplet’
;g _ , ‘ : ' I The pressure medium used in the above experiments was
S 50 ! silicon oil, which proved to be nonhydrostatic above 2 GPA,
£ 40b at T=92 K, as indicated by a broadening of the two ruby
R fluorescence peaks. Figure 5 shows a comparison of the ho-
20 ¢ = : mogeneity of the silicon oil and a 4:1 methanol/ethanol mix-
10 provr it B ture by plotting the full width at half maximuniFWHM)
78 i 1 average of the two fluorescence peaks versus pressure. The
60 C data acquired in the 4:1 alcohol mixture show little or no
50 F broadening up to 7.0 GPa, whereas data measured in silicon
2 40 oil show significant broadening over this range. This is con-
sk vincing evidence that silicon oil should not be used to obtain
> 20 high pressures at low temperatures, and that the appearance
10 ¢ : : ; : of structure in thelT (P) measurements with the silicon oil
0°¢ U S . may be due to an inhomogeneous pressure environment.
89 90 91 92 93 94

To further study the pressure-induced broadening of the
superconducting transitio,.(P) measurements were made
FIG. 4. T,(P) measurements on YBCO. The 3.6 GPa show three distincton a different sample of YBCQ with a methanol:ethanol::4:1
peaks. Small changes in the peak structure are seen after warming the cellBiXture as the pressure medium. At 0.1 Pa, the data show a

room temperature for 16 h. peak at 91.5 K with 0.2 K FWHMFig. 6). At 1.7 GPa, with

Temperature (K)
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FIG. 6. V3¢ of the second YBCO sample at 0.1 Pa and with no dc magnetic
field. FIG. 8. V3 of YBCO sample at 4.2 GPa. Arrows indicate the left and right
most peaks which can be followed from 1.8 to 7.0 GPa.

a 10 Oe dc field applied, the peak broadens and becomes

asymmetric(Fig. 7). This asymmetric shape is characteristic

of type Il superconductors in the mixed stéfe. FWHM data in Fig. 5, measured at=92 K, indicate that
Similar to results obtained with the silicon oil medium, the pressure is hydrostatic. One possible explanation is that

the application of higher pressures results in additional peakhe application of pressure induces an inhomogeneous reor-

within the transition. Figure 8 shows typical results at 4.2dering of oxygen in the sample, similar to results obtained in

GPa. The left and the right most peak are both distinguishthe T12201 systertf A more likely explanation stems from

able at pressures between 1.8 and 7.0 GPa. the intrinsic oxygen inhomogeneity of these samples. For
Figure 9 showsT(P) for the two peaks with no field  jnnomogeneous samples, with domains of optimally and un-

and with a 10 Oe dc field applied. The error bars in thegergoped material, the regions could have nearly the same
graphs represent the estimated FWHM of the peaks. The data | very differend T,(P)/d P ratios!® X-ray studies will
for the two peaks are similar in that the FWHM for both do | °’ ¢

. . be performed to resolve this issue. Similarly, the inhomoge-
not change measurably with pressure. A conventional mea-

. . neities could be manifest as inter- and intragranular effects
surement ofV,; would show a transition progressively

broadened from 0.2 to 2.3 K, as the pressure increased tﬁ'&hi?h are exag_ger_ated by the application of pressure. Studies
from 0.1 Pa to 7.0 GPa. in high magnetic fields are underway to clarify this effect.
The pressure dependence of the two peaks is strikingly
different: the right peak is especially sensitive to the lower
pressures, while the position of the left peak remains virtu- 94.0
ally unchanged. The measurements made in the 10 Oe dc
field follow those without the field except for a slight offset.

) . . 935 | 1
There are several possible explanations for this, however, the
93.0 - s
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FIG. 9. The position of the left and the right most peaks as a function of
pressure for the YBCO sample. The error bars are an estimate of the FWHM
FIG. 7. V5 of YBCO sample at 1.7 GPa with a 10 Oe dc field. of the peaks. Results with and without a 10 Oe dc field are shown.
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