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A radio-frequency magnetic susceptibility apparatus is described, which is capable of measuring
the superconducting transition temperature of individual samples with volumes as small as

2X 1078 cm® (mass ~0.1 ug) with a signal-to-noise ratio of 20. The system uses phase-sensitive
detection and operates between 1 and 10 MHz. Measurements in large dc magnetic fields ~ 150
kG are also possible. Detailed information concerning construction and operation is provided.

PACS numbers: 74.30.Ci, 74.10. + v, 07.55. + x

INTRODUCTION

In the synthesis and characterization of new superconduct-
ing materials, it is often desirable to measure the transition
temperature and critical magnetic field properties of small
single-crystal samples. Indeed, for many newly synthesized
compounds, only very small crystals may be available, or
such smaller crystals may be more perfect than larger sam-
ples. Measurements on such very small crystals require a
method of detecting the superconducting phase boundary,
which has excellent resolution and operates over a wide
range of fields and temperatures.

This paper reports the development of a very sensitive
ac magnetic susceptibility apparatus. The technique in-
volves placing the sample in a coil which is part of a parallel
LC circuit and measuring the shift in the resonant frequency
to detect changes in the sample susceptibility. This appara-
tus is sensitive enough to measure the superconducting tran-
sition of a 130-ng sample with a signal-to-noise ratio of 20.
The cryogenic apparatus is of simple construction. Oper-
ation is simple and reliable. The cryogenic probe is small
enough to fit into a liquid-helium storage Dewar, facilitating
rapid and economical determination of zero-field transition
temperatures (for 7, >4.2 K). In addition, the system is
compatible with operation in dc magnetic fields of at least
150 kG.

This paper is organized as follows. In Sec. I we discuss
the various techniques for measuring the superconducting
transition. The basic principles of the technique we have de-
veloped are presented in Sec. II. We then discuss in Sec. III
the electronic circuitry, the cryostat, and other experimental
details. The performance of the system is examined in Sec.
IV. While the principles of our technique are relatively
straightforward, we give a detailed description of the cryo-
genic apparatus and electronic circuitry, since these details
are important for obtaining optimum performance.

I. METHODS FOR DETERMINING
SUPERCONDUCTING TRANSITIONS

The three techniques which have been most widely used
to detect the superconducting-to-normal phase transition
are measurements of the resistivity, the heat capacity, and
the magnetic susceptibility (or magnetization). Resistivity
measurements are often the easiest to make. However, resis-
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tivity measurements are the least reliable, as a single super-
conducting path in an otherwise nonsuperconducting sam-
ple can give the appearance of bulk superconductivity. For
very small samples, connection of the electrical leads is an
additional problem.

Heat-capacity measurements are, in principle, the most
reliable method for determining the transition temperature,
as they are true bulk measurements. However, heat-capacity
measurements on very small samples require complicated
calorimeters and cryostats.? Small-sample heat-capacity
measurement techniques have recently been reviewed by
Stewart.? The calorimeters developed to date have optimum
sensitivity only for thin-film samples deposited directly onto
the calorimeter, because the internal thermal relaxation
times are short and good thermal contact to the calorimeter
is assured. For thin-film samples deposited on the calori-
meter, the smallest sample for which the superconducting
transition can be measured® is ~ 10 ug. For single-crystal
samples attached to the calorimeter, such sensitivity is not
easily achieved, due to the addenda heat capacity (of the
thermal bonding agent) and related thermal boundary resis-
tance(s). In addition, operation of any such calorimeter in
large magnetic fields can be difficult, due to the effect of the
magnetic field on thermal and electrical conductances.’
Thus, heat-capacity measurements are currently not suit-
able for detecting the superconducing transition, in a mag-
netic field, of small single crystals of mass <1 ug.

Measurements of the magnetic susceptibility detect the
diamagnetism of the superconducting state. Ideal type-I su-
perconductors are fully diamagnetic for applied fields less
than the critical field H_ (T ).* (Here we ignore demagnetizing
effects and also field penetration into the sample a distance
equal to the magnetic field penetration depth 4, typically of
order 0.1 um.) Ideal type II superconductors show full dia-
magnetism only below the lower critical field H,,(T). For
fields between H., (T') and the upper critical field H,, (T'), the
magnitude of the dc magnetization decreases uniformly to
the normal-state value. In order to detemine H,(7T) from
this magnetization curve, one must detect the change in
slope of the magnetization curve at H_,(T'). This change in
slope is small for both ideal and real high-« type-1I supercon-
ductors (k is the Ginzburg-Landau parameter®).

It is fortunate that many real type-II superconductors
remain at least partially diamagnetic to low-amplitude, low-
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frequency ac magnetic fields in the mixed state
[H.,(T) < H < H_4(T)),and display a single, sharp transition
in the ac susceptibility at the upper critical field H,, (T')° [or if
surface superconductivity is important, at H, (T')]. The par-
tial diamagnetism seen up to H,, {or H_) can be caused by
an intrinsic surface barrier to flux entry® and/or by flux pin-
ning. The sharp transition in the ac susceptibility data can be
used to measure H , (T), once it is established (e.g., by heat-
capacity measurements) that the feature in the ac susceptibil-
ity data indeed corresponds to H_, (T'). This correspondence
is easily demonstrated for the layered transition-metal di-
chalcogenide samples which we have studied,” where heat-
capacity measurements have been made® on substantially
larger (> 1 mg) crystals of the same compounds as we have
studied.

A potential problem for ac susceptibility measurements
concerns sample inhomogeneities. If the sample contains
randomly distributed 7, values, a smeared out transition
will be observed. It is possible that the sample’s interior inho-
mogeneities can be completely masked by a uniform surface
layer with a higher T,. This is not a problem for the single-
crystal samples we have studied. In any case, ac susceptibil-
ity measurements are, in general, less likely to be in error due
to inhomogeneities than are resistivity measurements, since
ac susceptibility measurements require a complete super-
conducting loop to produce shielding rather than just a sin-
gle superconducting path.

Several techniques have been developed for measuring
the ac susceptibility of small samples, but all techniques,
including the one reported here, must deal with the difficulty
of coupling to the small sample volume. Techniques devel-
oped previously include direct measurements of the self- or
mutual inductance of a pickup coil enclosing the sample®
and measurement of the resonant frequency of low-frequen-
cy resonant circuits'® or of radio-frequency tunnel diode os-
cillators.!! Nonresonant measurements of inductance are, in
general, less sensitive than resonant techniques by approxi-
mately a factor of Q (the resonant-circuit quality factor), if
the same ac field amplitude is used. Use of a cooled resonant
transformer to increase the signal amplitude is possible,*®
but is generally incompatible with operation in large dc
fields.

Resonant circuits can use small inductances to couple
efficiently to the sample. However, for low resonant frequen-
cies (less than ~ 100 kHz), the cable resistance severely limits
the circuit @ when a room-temperature capacitor is used.
Use of a room-temperature capacitor may be necessary due
to the large electrical (and physical) size of the required ca-
pacitance. For high resonant frequencies (greater than ~ 1
MHz), a tunnel diode oscillator can achieve excellent resolu-
tion and stability in determining the LC self-resonant fre-
quency.'? However, this is not a simple technique for use at
low ac field levels and with small inductances, due to the
relatively small impedance at resonace, given by
Z;c = Qw,L. In addition, the magnetoresistance of the in-
ductor coil leads to the requirement of different diode bias-
ing and/or loading at different magnetic field values (to ob-
tain oscillation). This is also true of other marginal
oscillators. We conclude that while ac susceptibility mea-
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surements can offer excellent sensitivity, none of these other
ac susceptibility methods appear to be promising for the ap-
plication we have addressed—measuring the ac susceptibil-
ity transitions of very small samples in small and also in large
dc magnetic fields. The ac susceptibility technique we have
developed does provide this capability.

Il. DETECTION TECHNIQUE

This section describes the basic principles of operation
of the ac susceptibility apparatus. To determine changes in
the sample’s ac susceptibility, the sample is placed inside a
coil which is part of a high-Q (Q > 30) parallel resonant cir-
cuit. This circuit is driven by a radio-frequency current
source. When the sample is superconducting and the applied
dcfield is zero, the ac field is fully shielded from the sample’s
interior. The ac field penetration is limited to the supercon-
ducting penetration depth A, which is approximately 0.1 um
for a typical material. After the sample passes from the su-
perconducting to the normal state, i.e., as the temperature is
raised, the ac field penetrates into the sample a much larger
distance equal to the normal-state skin depth 8. This dis-
tance is material dependent; for our samples it is of the order
of 100 um at 3 MHz. Thus, at the transition there is a change
in the effective sample volume from which the ac field is
excluded. This alters the coil inductance, and shifts the reso-
nant frequency.

The shift in resonant frequency when the sample goes
from the superconducting state to the normal state can easily
be calculated. We consider the case where the ac field is fully
excluded from the sample below T, and fully penetrates the
sample above T, in order to obtain the simplest estimate of
the system’s sensitivity. The inductance of the coil can be
writtenas L = L1 + 7y ) (mks units), where L, is the induc-
tance of the coil when empty, y is the sample susceptibility,
and 7 is the effective filling factor. For a sample which is
completely diamagnetic in the superconducting state
x = — 1; for this case 7 is given approximately by

nzdg/ZVcoil' (1)

This result is for a thin platelet of face diameter d, (see Fig.
2), with the ac field perpendicular to the sample face. The
result in Eq. (1) includes the demagnetizing effects for
¥ = — 1. For complete ac field penetration above T, y = 0.
Thus, for our simple estimate we obtain AL = 5L, with 5
given by Eq. (1).

For a small sample %<1, and the superconducting-to-
normal transition results in a small shift in resonant frequen-
cy 4f,, given by

A, —AL _ —y_—d

.fr 2I‘O 2 _4Vcoil

Using typical values of f, =3 MHz, d, = 100 ym, and
V..n = 1 mm> we obtain 4f, = 750 Hz. This shift is easily
measured.

. 2)

The shift in resonant frequency is measured using a
phase-sensitive detection scheme which produces an output
voltage proportional to the imaginary, or out-of-phase, com-
ponent of the LC circuit impedance. We denote this imagi-
nary component as Z,; the total impedance is given by
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Z,.=2Z,+jZ, The imaginary component of Z,. is
shown in Fig. | as a function of the applied frequency £, . Z,
is zero at resonance, and varies linearly with frequency near
resonance. With the circuit biased at a fixed frequency near
resonance f, = f;, the imaginary part of the impedance and
thus the output voltage ¥, will change from point B to point
A as the sample goes from the superconducting to the nor-
mal state.

The phase-sensitive detector used to measure Z, is
shown in Fig. 2 in block diagram form; a full circuit diagram
is shown below in Fig. 3. Referring to Fig. 2, the resonant
circuit is biased with a constant current by the capacitor
C, = 1 pF, which forms a 1f current source with the rf vol-
tage generator, since the impedance of C, is much larger
than the LC circuit impedance. The rf current 7, ~ jw, C\V,
is shifted 90° in phase relative to the generator voltage V.
The voltage appearing across the resonant circuit is given by
Vie=Z,c=1,=(—2,+jZ)o,C,V,. This voltage is
amplified and fed to the balanced mixer. The local oscillator
input of the mixer (L in Fig. 3) is driven by V,. The mixer
output (X in Fig. 3) contains a dc voltage component propor-
tional to any signal present at its input which is in phase with
the ac voltage at the local oscillator input port. The mixer
output will, therefore, have a dc component proportional to
Z,. (Components at the harmonics of f, are also present, but
these are removed by a low-pass filter.) The change in reso-
nant frequency has thus been turned into a change in dc
output voltage.

The slope of the imaginary component of Z, ~ at reso-
nance can easily be calculated. The change in output voltage
along the linear portion of the transfer curve for a given
change in resonant frequency can be shown to be

AVy= —4mBL, Q*|1,|4f,. 3)
Here |1,] is the magnitude of the rf biasing current and 3 is
the product of the gains of the rf amplifier, the balanced
mixer, the low-pass filter, and the dc amplifier. The Q can be
determined by measuring the resonant frequency f, and the

frequencies of the positive and negative peaks of the output
signal (Fig. 1), with the sample either superconducting or

Sample Normal

Sample
Superconducting

Z2:"V% \

FIG. 1. The frequency dependence (schematic) of the imaginary part of the
tuned-circuit impedance Z, and the output voltage ¥, as a function of the
applied frequency, for the sample in the superconducting and normal states.
In operation, the circuit is biased at a fixed frequency f; near resonance. The
output voltage change when the sample goes from the superconducting
state (point B) to the normal state (point A), as shown by 4V,
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Fi1G. 2. Block diagram of the detection circuit. A single-crystal sample is
also shown (schematically), and the orientations of the dc magnetic field
perpendicular (1) or parallel {||) to the plane of the thin platelet sample are
indicated. The ac magnetic field is always perpendicular to the sample face.

normal. @ is given by f, divided by the difference of the two
peak frequencies.

A typical measured slope of the output curve is 4¥,/
Af, = —30mV/kHz, foraQof 32 and /, = 2.8 MHz. The
output noise level, as displayed on the x—y recorder, is ap-
proximately 0.1 mV peak-to-peak. (This is equivalent to a
frequency shift of 3 Hz.) The noise of our system is due to the
input noise of the rf amplifier, which is ~ 3nV/(Hz)'/?, close
to the state of the art for an input impedance of 30 kf2. Im-
proved sensitivity 4 V,/A4f, may be obtained by using a larg-
er rf current amplitude |I,| {and, hence, a larger ac magnetic
field), or larger Q values. With much larger values of |I,| or
Q, a rf generator of greater stability would be required in
order to achieve the better resolution theoretically available.
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FIG. 3. Detailed schematic of the frequency-shift detection electronics. The
two amplifiers are powered by a modular + 6-V power supply (power sup-
ply and connections are not shown). The high-low switch allows the rf cur-
rent supplied to the LC circuit to be reduced by a factor of 10. All results
quoted in this paper are for this switch set in the high position. All the com-
ponents within the larger dashed box are mounted on a single circuit board
in a small aluminum box. Resistances are in ohms and capacitances in uF,
unless otherwise noted.
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A much larger value of resonant-circuit Q can be ob-
tained with a superconducting coil (Q ~ 1000), instead of the
copper coil we have used. However, superconducting coils
{wound with Nb-Ti wire} were found to be unacceptable
even for zero-field measurements because of a large tempera-
ture-dependent background signal, apparently due to the
temperature dependence of the penetration depth of the su-
perconducting wire. Operation of superconducting coils in
large dc fields would clearly be even more problematic.

. EXPERIMENTAL DETAILS

The apparatus consists of two major components: a dip-
stick variable-temperature cryostat and the room-tempera-
ture electronic detection circuitry. The room-temperature
circuitry was described in block diagram form in the pre-
vious section; we now discuss circuit details, as shown in Fig.
3. The radio-frequency current souce is a stable rf voltage
generator, Hewlett-Packard Model 606A, (V, =04
Vrms)'** in series with a 1-pF silvered mica capacitor. The rf
voltage across the LC circuit is amplified with a Motorola
MC1733 IC video amplifier with a gain ~30. A Hewlett-
Packard Model 10534B balanced mixer is used. To compen-
sate for extra phase shifts due to the rf amplifier, a 1.7-m
section of RG-174/U coaxial cable is used as a time-delay
line between the generator and the L port. The rf compo-
nents present at the output of the mixer are removed with a
simple RC low-pass filter having a cut-off frequency of 16
kHz. The dc signal remaining is amplified by an Analog De-
vices 504M low-noise operational amplifier configured for a
gain of 100. The two IC amplifiers are powered by a single
=+ 6-V modular power supply. With the exception of this
power supply and the HP 606A generator, the entire room-
temperature detection circuit is mounted inside a small alu-
minum box, on a copper-clad printed circuit board which
serves as a ground plane. The electronic circuitry has a fre-
quency range of about 50 kHz to 10 MHz. The high-frequen-
cy limit is set by the rf amplifier, and the low-frequency limit
is set by the balanced mixer.

A schematic diagram of the low-temperature end of the
dipstick cryostat probe is shown in Fig. 4. The basic struc-
ture is a copper variable-temperature bar located inside a
vacuum can. The copper vacuum can is attached with low-
melting-point solder, Cerrolow 136 (melting point 136 °F),'
and can easily be removed. The copper variable-temperature
bar is cylindrical, and contains a resistance heater (a 1-k£2
metal-film resistor), a calibrated germanium resistance ther-
mometer,’® and a capacitance thermometer!>'® for use in
high-magnetic fields. The heater and thermometers are not
shown in Fig. 4. A removable copper sample-rod mounting
block attaches to the bottom of the variable-temperature
bar. The samples are mounted by gluing them onto the end of
a cylindrical single-crystal sapphire rod'’ (1.3 mm in diame-
ter or smaller) using rubber cement (“Grippit”), which has
been diluted with hexane to a proper consistency. The sam-
ple rods are held into holes in the mounting block using 0-80
screws with thermal grease'® to ensure good thermal con-
tact. Typically, two samples (in two separate coils, each with
its own capacitor) are measured during each cooldown.
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Fi1G. 4. Schematic diagram of the bottom of the dipstick cryostat (not to
scale). (A) Thin-wall, stainless-steel tube. (B) Copper-top plug. This contains
several holes for the wires and miniature coaxial cables. (C} Cerrolow 136
solder joint. (D) Thermal link between the copper-top plug and the variable-
temperature bar. (E) Twisted pair of No. 34 copper wires connecting L and
C. These wires are heat sunk (not shown) by wrapping them around both the
variable-temperature bar and the top plug and holding them in place with
G. E. 7031 varnish. (F) Copper vacuum can. (G) Removable copper sample-
rod mounting block. The heater and thermometers are not shown. Only one
sample rod, coil, capacitor, etc. are shown, although the cryostat actually
contains two sets.

The variable-temperature section is connected to the
copper-top plug by a 440 brass screw passing through a 0.5-
cm-long nylon spacer. The brass screw acts as a structural
member and also as a weak thermal link to the bath tempera-
ture. A number of small copper wires, mostly 80 #m in diam-
eter, pass from the top plug to the variable-temperature bar.
These wires are wrapped and heat sunk on both sides of the
nylon spacer using General Electric 7031 varnish. It is the
thermal conductance of the brass screw and the copper wires
which sets the practical upper limit of the cryostat’s useful
temperature range. For the wires and brass screw used, a
heater power of 8 mW is required to reach a temperature of 7
K with the bath at 4.2 K, while 150 mW is required to reach
20K.

The inductor slips over the end of the sapphire rod to
enclose the sample at its center. Thus, the ac field is always
oriented perpendicular to the face of the sample. The capaci-
tor is mounted on the top plug to keep it at as constant a
temperature as possible, since the capacitance value is slight-
ly temperature dependent. The tuned circuit is electrically
grounded at this point by soldering one side of the capacitor
to the top plug. This also provides an effective method of
heat sinking the capacitor.
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The requirements on the capacitor to be used in the LC
circuit are that it must have a high Q and a large self-reso-
nant frequency, yet be small enough to fit in the vacuum can.
A small temperature coeflicient of capacitance (at liquid He
temperatures) is also highly desirable. For this last require-
ment, silvered-mica capacitors would be ideal, as they have
essentially a zero-temperature coefficient. However, ceram-
ic capacitors manufactured by American Technical Ceram-
ics'® have been used because their much smaller size allows
larger values of capacitance (1 to 5 nF) to be used. The induc-
tors typically have inductances between 0.5 and 1 4H and
are usually wound from 80-um-diam copper wire (two layers
of 10 turns each). The inductor must be small enough to
ensure a reasonable filling factor, yet have enough induc-
tance to achieve a reasonable Q.

Resonant frequencies between 2 and 4 MHz are ob-
tained, and Q values are typically about 30. For the various
coils used, the calculated rf magnetic field is between 0.01
and 0.1 G.? This small ac field magnitude is dictated by our
samples, where the transitions can be depressed by much
larger ac fields.

The capacitor and inductor have a Q of approximately
60 (at 4.2 K) when connected directly together. The resis-
tance of the twisted pair of 160-um-diam copper wires which
connects L and C in the apparatus lowers the Q' to approxi-
mately 45. Losses in the coaxial cable from the low-tempera-
ture end of the cryostat to the top of the cryostat, and from
that point to the electronics cause a further reduction of Q to
a value of approximately 30. A miniature coaxial cable?’ is
used in the cryostat to satisfy space requirements and to
minimize the heat leak to the helium bath. Low-capacitance
coaxial cable (type RG-62/U) is used to connect the cryostat
to the room-temperature electronics to minimize additional
degradation of the circuit Q.

The room-temperature end of the dipstick contains two
hermetic 10-pin electrical feedthroughs, a thermocouple
pressure gauge, an overpressure release valve, and a pump
line through which gas can be added to or pumped from the
cryostat. For surveying the transition temperatures of a
large number of samples, the cryostat can be placed directly

I T T T T

Nbg g0 T9g,105¢e2
[~ dg=50um

Ve=2 %10 %m>

Vo

Nb g 92 Tag.08 Se2

dg= 110 pm
Vs=10-7cm3 —
| 1 1 1 ]
5 6 T 8 9

T (K)

FiG. 5. The zero-field transitions, ¥, as a function of temperature, for two
samples, a 50-um-diam hexagonal crystal of Nby, o5 Ty 10 Se; and a 110-m-
diam hexagonal crystal of Nby, 5, Tag o5 Se,. Both samples have the shape of a
thin hexagonal platelet, as shown schematically in Fig. 2, and are approxi-
mately 10 zm thick.
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in a wide-mouth liquid-helium storage Dewar (for T, > 4.2
K). If the cryostat is lowered slowly, liquid-helium consump-
tion can be below 1 liter per cool down.

In order that the shape of the transition be accurately
recorded, it is necessary to operate near the resonant fre-
quency where the transfer curve shown in Fig. 1 is linear.
This requirement can be met by operating sufficiently near
to f, that the output voltage never exceeds 1/2 of the peak
value. It is also important that losses in the sample have a
negligible influence on the @ of the circuit, otherwise the
measured transition curve will be distorted. For larger sam-
ples, losses in the sample can influence Q, and the change in
V, can be so large that it moves completely off the linear
portion of the transfer curve. Both of these problems can be
solved by adding a shunting resistor across the LC circuit at
the room-temperature end of the cryostat. This lowers the Q,
and thus increases the frequency range over which ¥ is lin-
ear.

IV. SYSTEM PERFORMANCE

As an illustration of the sensitivity of this apparatus, we
show in Fig. 5 the zero-field transitions as a function of tem-
perature for two small crystals. The first crystal of
Nbyg 4o Ta, 10 Se, is a thin hexagonal platelet with a diameter
of 50 um and a thickness of about 10 um (sample volume
V, = 2x 1078 cm?). As can be seen, the signal-to-noise ratio
of ~20 is sufficient to allow the transition temperature to be
determined accurately. Also shown in Fig. 5 is the zero-field
transition of a somewhat larger sample, a 110-um-diam hex-
agonal crystal of Nby 4, Ta, o5 Se,. For a sample of this size,
the noise is barely perceptible.

The slope of the trace above and below the transition for
the smaller sample in Fig. S is due to a small instrumental
background signal. The slope of this background signal in-
creases considerably above about 8.5 K. This background
signal is caused primarily by the temperature dependence of
the capacitance. Even though the capacitor is nominally at a
fixed temperature, its temperature does change slightly as
the temperature of the variable-temperature bar is varied.
The background signal seen in Fig. 5 could be reduced by
better thermal isolation of the capacitor or by the use of a
silvered-mica capacitor. The instrumental background sig-
nal can also be significantly reduced by the presence of a
small pressure (10-20 mTorr) of helium exchange gas in the
vacuum can.

Sensitive operation of the apparatus in large magnetic
fields is also possible. Figure 6 shows transition curves for
two samples with the magnetic field oriented perpendicular
(1) or parallel (||) to the plane of the thin hexagonal-platelet
samples. The arrows in Fig. 6 show the direction of the tem-
perature sweep. The hysteresis seen in the mixed region be-
low the main transition is an intrinsic effect; its origin is
discussed below. (The hysteresis is not shown in Fig. 6 for the
H | transition.) No hysteresis is seen in zero-field transition
curves. We find that the main transition of each of these
curves occurs at the temperature corresponding to the upper
critical field boundary. We thus identify the midpoint of this
main transition as T, (H ). The evidence in favor of this iden-
tification is the agreement of our ac susceptibility transitions

Susceptibility apparatus 962



T T L T T T
NboesT0o0sSe2
H,=21.6 kG
2
Z
>
s —_— T
o
;6 T'(H)
—
L TeotH)  NBoggsTapgisSez -
H" =65kG
L ke i 1 L 1
35 40 55 6.0

FIG. 6. The transitions of two samples in dc fields; a crystal of
Nby o5 Tag o5 Se, in a 21.6-kG field oriented perpendicular to the face of the
sample, and a crystal of Nbg gg5 Tag 0,5 Se, in a parallel field of 65 kG. The
arrows along the curves indicate the direction of the temperature sweep. For
the parallel field orientation, ¥}, is also shown on a five-times-expanded ver-
tical scale above the main transition. The high-temperature tail is a surface
superconductivity effect. [Thetemperature T'(H )definesafield # (7" ') which
scales as expected from the theory of surface superconductivity;
Hc3(T) = 1'7Hc2(T]‘]

for the pure compound NbSe, with H_, data obtained pre-
viously with the specific-heat technique® on larger crystals of
NbSe,. The substitutional alloy crystals Nb, _, Ta, Se, dis-
play susceptibility transition shapes very much like those of
NbSe,. Values of H,(T) for the alloy crystals are close to
those of pure NbSe,, with small, systematic changes as a
function of alloy composition x.

The hysteretic behavior seen in Fig. 6 is probably
caused by an intrinsic barrier to flux entry into a type-1I
superconductor in the mixed state. The surface barrier to
flux exit can be smaller in magnitude.® An asymmetric bar-
rier could affect the dc field distribution near the surface in
such a way as to cause the hysteresis seen in Fig. 6, assuming
that the very small ac field probes predominantly the surface
of the sample.’

Asseen in Fig. 6, when the dc field is oriented parallel to
the face of the sample, ¥, continues to increase somewhat
over a finite temperature interval above the main transition.
The field dependence of the high-temperature end of the tail
[denoted as T'(H )], indicates that this small effect is due to
surface superconductivity, as 7'(H )isclose to T (H | ). [We
recallthat H, (T') = 1.7 H_, (T').] This finding provides addi-
tional evidence that the main transition corresponds to
H,(T)

For operation in a large dc field there is a background
signal (at a fixed temperature) which changes with the dc
field. Changes in this background signal during a field sweep
are much larger than the temperature-dependent back-
ground signal measured in a fixed dc field. Thus, tempera-
ture sweeps in a fixed field are employed for all our measure-
ments. Other than the field-dependent background signal,
the major way in which operation of the detection circuit is
affected by the dc field is that the Q, and thus the sensitivity,
of the resonant circuit is decreased, because of the magneto-
resistance of the copper wire in the coil. The Q decreases
roughly linearly as the field increases, typically being re-
duced to 75% of the zero-field value at 70 kG.
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In large fields, the dc noise level is not increased, pro-
vided that the cryostat is held rigidly in the center of the
solenoid. This is accomplished with a ring of beryllium—cop-
per “fingers” mounted on the top of the magnet. Operation
at fields to 150 kG was carried out at the National Magnet
Laboratory using a Bitter solenoid. It was found necessary to
use a field stabilizer with this Bitter solenoid, thereby reduc-
ing field fluctuations to a fractional value < 10~>. Without
this stabilizer, random field fluctuations produced eddy cur-
rent heating of the variable-temperature bar, precluding a
slow and uniform sweep of the temperature.
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