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Automated and versatile SQUID magnetometer for the measurement
of materials properties at millikelvin temperatures

A. Morello,? W. G. J. Angenent, G. Frossati, and L. J. de Jongh
Kamerlingh Onnes Laboratory, Leiden Institute of Physics, Leiden University, P.O. Box 9504,
NL-2300 RA Leiden, The Netherlands

(Received 24 June 2004; accepted 28 October 2004; published online 5 January 2005

We present the design and construction of a SQUID-based magnetometer for operation down to
temperature3 = 10 mK, while retaining the compatibility with the sample holders typically used in
commercial SQUID magnetometers. The system is based on a dc-SQUID coupled to a second-order
gradiometer. The sample is placed inside the plastic mixing chamber of a dilution refrigerator and
is thermalized directly by théHe flow. To measure the magnetic moment, the sample is moved
through the gradiometer coils by lifting the whole dilution refrigerator insert. A home-developed
software provides full automation and an easy user interfac0@5 American Institute of
Physics.[DOI: 10.1063/1.1841831

I. INTRODUCTION highly air-sensitive, it is a necessity to introduce and keep
the sample in a sealed glass tube, that allows at the same
The use of superconducting quantum interference detime to perform preliminary measurementsTat 1.8 K in
vices(SQUIDg (Ref. 1) in ultrasensitive magnetic measure- commercial SQUID magnetometers and precheck the quality
ments systems may nowadays be considered as a standafdthe sample in a fast and cheap way. The sample, in its
technique, to the extent that several companies offer reliablsample holder, can thereupon be inserted in the ultralow tem-
and automated commercial SQUID magnetometers. Howperature SQUID magnetometer without need of any further
ever, no commercial magnetometer has yet become availabieanipulation, which constitutes an obvious advantage.
for operation at millikelvin temperatures utilizing a dilution The really challenging part of the design consists in the
refrigerator. A few systems have been constructed that confact that, like in most commercial and noncommeftial
bine the sensitivity of SQUID magnetometery with the mil- magnetometers, to obtain the absolute value of the magneti-
likelvin temperature range attainable by meanstéé/*He  zation we need to move the sample through a gradiometer
dilution refrigerator$; at the cost of requiring the sample to pick-up coil, but in our case the sample is B 10 mK
be mounted on dedicated sample holders, which ensure theside the mixing chamber of the dilution refrigerator! The
thermalization to the cold plate of the refrigerator by meanssample movement is needed because the coils of the gradi-
of conducting thermal links. ometer will never perfectly compensate one another, leaving
We describe here a SQUID magnetometer designed tah empty-coil signal that will add a spurious contribution to
allow high-sensitivity measurements down To~10 mK, the measured magnetic moment, or even wash out the signal
while retaining the compatibility with the sample holders of the sample to be measured. As we shall discuss below, this
used in commercial magnetometers. Moreover, we wanted t8as required a system that moves tiigole dilution refrig-
avoid building a system dedicated exclusively to SQUIDerator insert.
magnetometery. Our setup can accommodate several differ-
ent experimental probes, e.g., for nuclear magnetic!'- DILUTION REFRIGERATOR

resonancé inductance-bridge-based ac-susceptom@tany Our ultralow temperature setup is based on a Leiden
resistivity measurements. Finally, we wrote a software thattryogenics MNK126-400ROF dilution refrigerator. Instead
fully automates the system and offers a very user-friendlyof the standard copper mixing chamber, we fitted the system
interface to program the measurement sequences and analyggh a specially designed plastic mixing chamber that allows
the data. the sample to be thermalized directly by tfide flow. A

An example of research for which our setup was particuischeme of the low-temperature part of the refrigerator is
larly designed is the field of metallic nanoclusters, whichshown in Fig. 1. The mixing chamber consists of two con-
show spectacular quantum-size effects in their thermodyeentric tubes, obtained by rolling a Kapton foil coated with
namic propertiesat very low temperatures, as a consequencestycast 1266 epoxy. The tops of each tube are glued into
of which their magnetic susceptibility is very small in this concentric Araldite pots: the inner pot receives the down-
regime. Furthermore, since most of these materials argiard flow of condensedHe and, a few millimeters below

the inlet, the phase separation between ptte phase and

YPresent address: Department of Physics and Astronomy, University of BritgIIIUte “He/"He phase takes place. _The circulation’sfe is .
ish Columbia, 6224 Agricultural Road, Vancouver B.C. V6T 171, Canada;then forced downwards along the inner Kapton tube, which
electronic mail: morello@physics.ubc.ca has openings on the bottom side to allow the return of the
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FIG. 1. (Color onling Scheme of the lovF part of the dilution refrigerator.

(a) *He distillator ("still")
with cold plate.

(b) Upper heat exchanger.

(c) 80 mK pot.

(d) Lower heat exchanger.

(e) Copper joint with
heating wire

(f) Araldite mixing chamber.

(g9) Thermometer.

(h) Conical vacuum plugs.

(i) Pure “He phase.

(j) Forced downwards flow

of *He in the dilute phase.

(k) Double-wall Kapton tail.

() Sample holder.

(m) Openings in the inner
Kapton tube to allow the
return of the ‘He flow.
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that originating from the sample space and the sample itself.
Both types of sample holders are compatible with the com-
mercial SQUID magnetomete(€ryogenic Consultant Lim-
ited S600c, Quantum Design MPMS-5 and MPMS)XL
available in our laboratory for magnetic measurement§ at
>1.8 K.

The Kapton tail, which is about 350 mm long, is sur-
rounded by two silver-plated brass radiation shields, one an-
chored at the 80 mK pot, the other at the still. The whole
low-T part of the refrigerator is closed by a vacuum can,
which has itself a thin brass tail to surround the Kapton part
of the mixing chamber, and is inserted into the bore of an
Oxford Instruments 9 Tesla NbTi superconducting magnet.
In this way, only Kapton and brass cylind€us the lowest
Araldite plug are placed in the high-field region, whereas all
other highly-conducting metal partgheat exchangers,
80 mK pot, He distillator, etc) are outside the magnet bore
and subject only to a small stray field. This design minimizes
the eddy current heating resulting from moving the refrigera-
tor through the pick-up coil of the SQUID magnetometer,
while at the same time thermalizing the sample directly by
the contact with théHe flow. The excellent sample thermal-
ization obtained is this way has already proven to be essen-
tial for NMR experiments on molecular magnets performed
in the same refrigerator down b= 15 mK, whose success
depends crucially on the efficient cooling of the nuclear
spins>

The temperature inside the mixing chamber is monitored
by measuring, with a Picowatt AVS-47 bridge, the resistance
of a Speer carbon thermometer placed in the outer part of the
top Araldite pot. By adding an extra Speer thermometer
(calibrated against the previous 9ne the bottom of the
Kapton tail, we have verified that the temperature is very

For clarity we omit the vacuum can and the radiation shields anchored at theiniform along the whole chambéexcept in the presence of
still and at the 80 mK pot. Only the narrow tail of the refrigerator is inserted g dden heat puls)eseven at the lowest, the mismatch be-

in the bore of a 9 T superconducting maggeit shown. The overall length

(from the still to the bottom of the tgiis ~600 mm.

3He stream through the thin space in between the tubes. Bo
the bottom of the Kapton tail and the outer pot are closed b
conical Araldite plugs smeared with Apiezon N grease. The
sample is typically placed inside a capsule filled with cotton
and inserted in a plastic straw, fixed onto the bottom Araldit
plug. Alternatively, for samples being air sensitive or having
very small magnetic signal, one may largely reduce the bacK"
ground contribution of the holder by placing the sample be
tibes

shown in Fig. 2. In this way, the sample is placed in a sym
metric configuration with respect to the pick-up coil systems,

tween two Suprasil glass rods

inside a Suprasil

e

tween the measured values is typicals0.5 mK. During
normal operation, the thermometer in the bottom of the tail is
t%bviously omitted, to avoid its contribution to the measured
magnetic signal. A Leiden Cryogenics Triple Current Source
s used to apply heating currents to a manganin wire, anti-
inductively wound and glued around a copper joint just
above the®He inlet in the mixing chamber. In this way we
can heat the incomintHe stream and uniformly increase the
ixing chamber temperature.

_ For the®He circulation we employ an oil-free pumping
system, consisting of a Roots booster purtdwards
'EH500 with a pumping speed of 500%h, backed by two
10 m?/h dry scroll pumpgEdwards XDS10in parallel. The

so that the only signal induced by the vertical movement ign@in pPumping line is & 100 mm solid tube, fixed at the

Suprasil tube  Sample space

Ol

) )

D))
\ /

Suprasil cylinders

FIG. 2. Sketch of the symmetric Suprasil glass sample holder. Typically, th

total length is~150 mm and the diameter is6 mm.

pump side with a flexible rubber joint that allows for an
inclination of a few degrees, and is connected to the head of
the fridge by a “T” piece with two extra rubber bellows, to
reduce the vibrations transmitted by the pumping system. In
this configuration, the system reaches a base temperature of
9 mK. The typical®He circulation rate at the base tempera-
ture isn~ 350 umol/s, and the cooling power at 100 mK is

Q~150 uW. When the Kapton tail is replaced by a flat
plug, Q can be increased up to 70N @ 100 mK andn
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~1200umol/s by applying extra heat to the still; with the ' | 14
tail in place it is more difficult to increase the circulation ! \ 13
rate, andQ @ 100 mK hardly exceeds 250W. l \
i L P 2
> /i/ 1
———) /// | b
— 02
I1l. PRINCIPLES OF SQUID MAGNETOMETERY ai — : N
A SQUID is basically an ultrasensitive flux-to-voltage ©: - \\\ ik
converter, that exploits the peculiar quantum properties of d ) {2
closed superconducting circuits. A detailed description of its P/
working principle can be found in textbooks! or in Sec. TR
2.4.1 of Ref. 12. Here we just recall that a dc-SQUID, like N
the one used in our system, consists of a superconducting 06 -0-4(25(/)-;“)0-0 0.2

ring interrupted by two Josephson junctions characterized by
a critical currentlc, which r?pres_ems _the ma?('mum. current FIG. 3. A second-order gradiometer in Helmoltz geomé#y 2d) and the
that may flow through the junction without dissipation. The magnetic flux induced by a dipole moving alomgNotice that the side
dc-SQUID is operated by biasing the junctions with a currentpeaks ind(z) do not coincide with the positions of the external coils. The
lnias> |, SUCh that a voltag¥ develops across them. Under factorain thex-axis scale is obtained by using E).
the proper bias conditions, the voltayeis proportional to
the magnetic fluxb,,, externally applied to the SQUID ring. 1 2(2) z 2|32
The dc-SQUID operates therefore as a flux-to voltage con-  Pioop(2) = 3 1 +¥<— - 1) : (1)
verter, where voltage changes of the order of millivolts are %
produced by a magnetic flux as small as a fraction of the fludf the upper and lower coils of the gradiometer are placed at
quantum®,=h/2e=2.07x 10°15 Wb. ®,,, can be applied by z=d andz=-d, respectively, then the total picked-up flux is
injecting a current in an input coil close to the SQUID ring, Ppu(2=(N/2) ol f(z—d)-2f(2) +f(z+d)]u. When adopting
but in the practice a dc-SQUID is used in feedback mode byhe Helmoltz geometrya=2d, the resultingb(z) is as shown
employing a so-called Flux-Lock LoofFLL), i.e., adding a in Fig. 3.
feedback coil that produces a compensating flux such that The flux ®squp that is actually applied to the SQUID
V=const. This increases the accuracy and the dynamic rang&€nsor is finally obtained as
of the measurement, and allows to implement noise-reducing ¢ = f,®
detection schemes. ° '
To use a dc-SQUID in an actual magnetometer, it is still M
necessarjexcept in a rather radical design like the “micro fp=,
SQUID” (Ref. 3] to produce a current proportional to the Lpu+ Lieads™ Lin
magnetic moment of the sample to be measured. Such a curheref, is the flux-transfer ratid? Lpw Lieags @ndL;, are the
rent can be injected in the input coil to produce a flux that isinductances of the pick-up coil, the leads and the SQUID
coupled to the SQUID ring by the mutual inductant¢.  input coil, respectively.
Typically, the input current is obtained by constructing a
closed superconducting circuit which includes the SQUID’s
input coil on one side, and terminates with a pick-up coil O”I(\)/i:ai?%TcﬁwgpcgggaﬁUCTION
the other side. Once the circuit has been cooled down below
the superconducting critical temperature, the enclosed flux is  The circuitry for our SQUID magnetometer is, with a
constant. Any change in the magnetic permeability of thefew additions, based on the principles discussed above. The
circuit, for instance due to the sample, will result in a screenniobium dc-SQUID sensor is part of a Conductus LTS iIMAG
ing current that, while keeping the total flux constant, pro-system, which includes a FLL circuitry to be placed just
duces the required flux in the input coil. In our case, theoutside the cryostat, and is connected to the SQUID control-
change in permeability of the pick-up circuit is obtained byler by a hybrid optical-electrical cable. To couple a magnetic
vertically moving thewholedilution refrigerator, whose tail, signal to the SQUID we constructed a second-order gradiom-
that contains the sample, is inserted in the pick-up coil.  eter by winding a® 100 um NbTi wire on a brass coil-
Because of the high sensitivity, it is essential to makeholder, to be inserted in the bore of the Oxford Instruments
sure that no sources of flux other than the sample may coup@ T NbTi superconducting magnet. The brass holder has a
with the SQUID. Shaping the pick-up coil as a second-ordefongitudinal cut, extending 60 mm above and below the gra-
gradiometer(Fig. 3) eliminates the effect of uniform mag- diometer coils, in order to prevent any currdietg., eddy
netic fields and of linear field gradients. currents induced by magnetic field sweeps, or Nyquist noise
The flux enclosed in the gradiometer while the sample isurrent3 from circulating around the circumference of the
moved through it, is easily obtained from the fluk,q, holder close to the pickup coils. Noise currents along the
induced by a dipole with magnetic momeumliz at a position  holder obviously do not couple with the pickup. The gradi-
z along the axis in a loop of radius placed a1z=zo,12 ometer coils hav&y 36 mm(a=18 mm andd=9 mm. The

pu

(2)
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choice of the diameter is constrained by tie34 mm
leads of the pick-up circuit, which are tightly twisted and g-"7%
shielded by a Nb capillary, are screwed onto the input pads|
of the SQUID to obtain a closed superconducting circuit. The
input inductance of the SQUID sensorlig =600 nH; since j
Lieags~ 200 nH and, given the dimensionk,,~ Li,+Ljeags
already withN=1, it follows from Eq.(2) that the most
convenient choice of windings for the gradiometer is 1-2-1
(recall that®p, =N but LpuocNZ). The mutual inductance be-
tween SQUID ring and input coil isM =10 nH, which
means thaf, ~1/200.

The FLL included in the Conductus electronics is able to
compensate for 50®, at the SQUID ring, which means that
a maximum qux@é"Ja’OZSOOIftp 10° @, can be picked up
by the gradiometer without saturating the system. The maxi-
mum measurable magnetic momewlf"® is therefore(cf.
Fig. 3

e--

2a
I ~ 10185 ~ 105 Am2. (3)
06,(1,0

ﬂ<ma><) ~

FIG. 4. (Color onling Picture and scheme of the SQUID circuittg) Su-
perconducting magnetb) Coil holder. (c) Flux transformer and heater in
In order to extend the dynamic range, we have built an extréad shield.(d) 3 Hz lead shielded low-pass filtefe) SQUID sensor(f)
flux transformer on the pickup circuit, which allows to intro- Pick-up leads with Nb capillary shieldg) SQUID cryocable. The diameter
. . of the flange on whickc), (d), and(e) are mounted is 250 mm, and the
duce a magnetic flux from the outside to compensate for thGverall length of the systertirom the flange to the bottom of the magnist
flux induced by the sample. By using the SQUID as a null-~800 mm.
meter, there is the extra advantage that no current circulates
in the pick-up circuit, thus the field at the sample is precisely . L . _
the field produced by the magnet, without the extra field thaf €€"'N9- The magngt hanging is ;tabl!lzed by triangular
would be produced by a current in the gradiometer. The flu)pho§phor—brpnze springsiot shown in Fig. 4 that press
transformer consists of 16 turns of NbTi wire, wound on topagamst the inner walls of the cryostat.
of one loop of the pick-up wire and shielded by a closed lead
box. In the same box we tightly glued the pick-up leads o
top of a 1000} chip resistor, which is used to locally heat ther\/' VERTICAL MOVEMENT
circuit above the superconducting., and eliminate the The movement of the sample through the gradiometer is
trapped flux. The flux transformer is fed by a Keithley 220 obtained by lifting the whole dilution refrigerator. For this
current source, whereas the heater is operated by one of tipeirpose, the refrigerator is fixed on a movable flange, while
three current sources in the Leiden Cryogenics Triple Curthe top of the cryostat is closed by a rubber bellow. On the
rent Source used for the refrigerator. Both sources are corilange we screwed the nuts of three recirculating balls screws
trolled by the software described in Sec. VII. (SKF SN3 20<5R), which allow a very smooth displace-
Despite the efforts to isolate the system from externament of the nut by turning the screw. The base of each screw
vibrations, the powerful pumps for the dilution refrigerator is mounted on ball bearings and is fitted with a gearwheel.
still provide a non-negligible mechanical noise. In particular,The gearwheels are connected by a toothed (@ coflex
the Roots pump has a vibration spectrum with a lowest peak6 T5/1400 driven by a three-phase ac servomotSEW
at ~25 Hz. To prevent the possible flux changes induced bypFY71S B TH 2.5 Nm that can exert a torque up to
such vibrations when coupled to a magnetic field, we adde@.5 Nm. In this way, the rotation of the servomotor is con-
an extra low-pass filter on the pick-up circdiin the form of  verted into the vertical movement of the dilution refrigerator
a 17 mm long® 0.3 mm copper wire in parallel with the insert. The movement is so smooth that the consequent vi-
pick-up leads. AtT=4.2 K such a wire has a resistanBe brations are hardly perceptible and do not exceed the vibra-
=11 uQ, which together with the input inductande, tions due to théHe pumping system.
=600 nH of the SQUID yields a cutoff frequenci, The motor is driven by a servo-regulataqiSEW
=(1/2m)(R/L;,) =3 Hz. The filter is contained in a separate MDS60A0015-503-4-00that can be controlled by a com-
Pb-shielded box inserted between the flux transformer anguter. For safety reasons an electromagnetic brake is fitted,
the SQUID. The pick-up leads and the copper wire are conthat blocks the motor in case of power failure. In addition, a
tacted via Nb pads. set of switches is mounted along one of the pillars that sup-
A picture of the SQUID circuitry is shown in Fig. 4. The port the screws: when the flange reaches the highest or the
SQUID, the filter and the flux transformer are mounted on dowest allowed position, the switches force the motor to
radiation shield of the magnet hanging. The whole system ibrake, overriding any software instructions. The maximum
inserted in a 90 | helium cryostat produced by Kadel Engi-allowed vertical displacement is 100 mm.
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inside the cryostat and the shields of the pick-up circuit
(which must be connected to the SQUID groundhis is
already a rather cumbersome operation, but it is not yet suf-
ficient. We found out that, in this configuration, the FLL
electronics and the room-temperature cables around it are not
enough shielded from the electromagnetic interference gen-
erated by the motor during the vertical movement of the
dilution refrigerator(we obviously took care that the motor
does not touch the cryostat groynidihe effect of this sort of
interference is that the SQUID system behaves as if it were
connected to a nonsuperconducting, inductive circuit. Such a
fault is hard to discover, since the inductive behavior of the
pick-up system is one of the most expectable failures, due to
any weakening of the superconductivity in the pickup circuit,
particularly on contact pads. The full functionality of the
magnetometer was reached by enclosing the FLL and the
room-temperature SQUID cables into an extra copper shield,
grounded at the cryostat but separated from the SQUID
ground.

VIl. AUTOMATION

The automation of the measurement system is achieved
by connecting to a PC the IMAG SQUID controller, the Kei-
FIG. 5. (Color onling Picture of the top of the cryostat, with the elements thley 220 current source, the LC TripIe Current Source, the
for the vertical movementa) Head of the dilution refrigeratofb) Movable ~ Picowatt AVS 47 resistance bridge, the magnet power supply,
féin;aégeilzbfeégteII?r\gl-(Cé)eigﬁqV(\;;(f)(i;\Iust Svgnjrelzclifu;?;iggoailssg; and the SEW servo-regulator. The PC runs a home-written
Feedthrougﬁ ‘fo the éQUlD Cryocable_' U soft_vvare, Whlc_h provides an application Wlt_h_a single but

flexible Graphical User InterfacéGUIl), containing all the
required functionality: setup management, monitoring, mea-

A picture of the top of the cryostat with the vertical surement, automated sequence execution and data analysis.
movement elements is shown in Fig. 5. The application is written in Borland Delphi because of its
power, ease of use, good documentation and rapid GUI de-
velopment possibilities. The Windows user interface is pri-
marily inspired upon the Quantum Design’s MultivU appli-

The shielding of the SQUID sensor and electronics is ofcation, included with their commercial Magnetic Property
course a crucial issue for the successful design of a SQUIDMeasurement SystefMPMS). This has the advantage of
based magnetometer. As mentioned in Sec. IV, the loweffering an interface that looks familiar to many users.
temperature parts are shielded by superconducting Pb boxes A set of tools are available for, e.g., positioning the
or Nb capillaries. Unfortunately, in our Conductus iIMAG sample, setting a magnetic field, monitoring the temperature
system, the ground is used as return line for the signals in thend performing “zero field oscillations,” i.e., oscillations of
cable that connects the FLL to the SQUID sensor. Thighe applied field which are used to reduce the trapped flux in
means thaany ground loopnvolving the SQUID electronics the magnet coil.
will completely destroyhe functionality of the system. Ob- The software allows the choice between moving the
viously, all the outer metallic parts in the systémg., the sample in a continuous way between the begin and the end
case of the SQUID sensor, the vacuum feedthrough for thpositions, or moving it for small intervals with a pause in
cryocable, etg.are connected to the same electrical groundpetween. Also the method of SQUID reading can be chosen
including the GPIB communication terminals. between “direct,” where the SQUID voltage is directly ac-

The best way to avoid ground loops in the SQUID sys-quired, or “null,” where the the compensation current in the
tem would be to ground the SQUID sensor and its cable aflux transformer is continuously being regulated by the soft-
the cryostat(and take care that it remains a very cleanware, using a proportional feedback controller which runs in
ground, and connect the controller to an isolation the background, until the SQUID voltage is zero. A reading
transformer> This method is not practicable when commu- in null mode consists therefore of the current necessary to
nication with the computer via the GPIB bus is needed, andwll the SQUID voltage. In a typical measurement, the
the same computer is connected to another instrument thaample is moved in both upwards and downwards directions,
requires a common ground with the cryodthis is the case then the results of the two scans are corrected for the drift of
for the Picowatt AVS-47 resistance briggdherefore we the SQUID voltage, averaged and fitted to obtain the dipole
grounded the controller at its power cord afidated the moment.
whole SQUID circuitry all the way to the SQUID sensor Measurements can be managed, viewed and fitted using

VI. GROUNDING AND SHIELDING
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a built-in data viewer, which consists of a set of controls and 1L
two graphs, one containing the fitted dipole moment of mul- N
tiple scans and the other containing the single fitted scans. In .~ O ';E;
general, we are interested in measuring the sample magneti- 5 1k i%
zation at several values of temperature and/or field. To do
this automatically, an elementary scripting language has been
implemented very similar to the way done in the MPMS
MultiVU application. There are commands for, among other
things, changing the sample position, setting a temperature,
setting a field, heating and retuning the SQUID sensor, per-
forming zero field oscillations and running a subsequence.
All these commands can be nested in for-loop structures to
measure as a function of temperature or field.

As for the implementation, the application consists of a
main core structure and modular components called “ap- 0 10 20 30 a0 50 60 70 80 90
plets.” The core structure implements routines for the start- Applied field (mT)
ing and stopping of the program, user interface, device ini-
tialization and communication, and the necessary menglG. 6. The magnetic moment of a small Pb grain, as measured in our setup
items, tool buttons and shortcuts for starting the variougfull symbols and in a Quantum Design MPMS-XL magnetometepen
components of the application. The applets are started fror??’mb()'s' SquaresT=4.5 K, circles:T=11 mK.
the main program and do all the work involving device com- )
munication, e.g., provide a tool for magnet management-#°/(MH) (m is the mass of the sample ane=1.361
monitor the status of the setup, null the SQUID using the* 10° kg/m® is the density can be obtained from the mea-
FLL, do a set of scans, or execute a sequence. The appletsred magnetic moment and compared with the expected
which communicate with devices run in separate parallePehavior 20f a Curie paramagnej=C/T, where C
threads to ensure communication without sacrificing perfor-zﬂONgzﬂBS(S+ 1)/(3kg) is the Curie constant andV
mance of the main program. =5.927x 1026_ m~3is the number of spins per unit volume. In

When an applet obtains information from a device, e.g.YieW of the high value oj obtained at very low temperature,
servomotor position, magnetic field or SQUID voltage, thisthe comparison is mear_u_ngful only after having corrected the
information is shared with the other applets so that all apf@w data for demagnetizing effects:
plets stay informed about the global status of the system. All Xraw
the device's functionality can additionally be simulated, Xcorr= W (4)
which was very useful during the implementation phase: raw

most of the application was written without using the experi-WhereD is the demagnetizing factor. _
mental setup. Since the sample is in powder for, will be an effec-

tive demagnetizing factor appropriate for ttwylindrically
shapedgl container filled with the grains. This is a notoriously
VIll. PERFORMANCE complex problem that can only be solved in an approximate
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In order to check the performance of our instrument, we
first measured the magnetization of a small lead grain in a
Quantum Design MPMS-XL magnetometer, then we
mounted the sample, with the same sample holder, inside the _ 29
mixing chamber of the dilution refrigerator. The results are
shown in Fig. 6: alf=4.5 K, the data in our setup and in the
MPMS-XL can be accurately superimposed, provided the
correct calibration factor is chosen. By cooling downTto
=11 mK, we still find the same slope &f(H) and an ex-
pectedly higher critical field.

As an example of dc-susceptibility experiment, we
show in Fig. 7 a dataset obtained by measuring 1.9mg o5
of the paramagnetic salt manganese antipyrine
Mn(C11H150N,)6(ClO,4), (MnApy), in a constant applied
field uoH,=2 mT while slowly cooling down the refrigera- 00

y
o

Volume susceptibility
(3]

. ’ X 00 01 02 03 04 05 06 0.7
tor. The paramagnetic centers in MnApy are the’Mions, Temperature (K)

with spin S=5/2 andgyromagnetic factog=2.00. In this

sort of measurements we typically use the “continuoud’!G. 7. Full triangles: measured dc-susceptibility of MnApy in an applied

+ direct’” mode, which allows to perform the scans ratherf'e'd poHa=2 mT Qpen circles: data corre_zfl:ted for the demagnetlZl_ng factor
(see text Solid line: calculated susceptibility according to the Curie’s law.

quickly (~1 min) as compared to the time SC_al_e_ of the teM-|set: inverse of the corrected susceptibilippen circley compared to the
perature changes. The volume susceptibilig=M/H ideal Curie law(solid line).
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way. In a first step the relation should be found between thenode” requires a compensation currerB0 mA, which
applied fieldH, and the local fielH.o; acting on a grain in  poses no problems to the compensation circuitry; this means
the container. The dipolar contributions from the other grainghat our system can easily cover a dynamic range of five
can be divided in a shape-dependent part given by the derders of magnitude in magnetic moment.
magnetizing factoD, Of the container, and a “structural” As for the maximum applicable magnetic field, although
part given by the packing of the grains. In a second step théhe magnet itself can produce 9 T, the SQUID circuitry tends
relation betweerH.,; and the local fieldH,y. inside a grain  to become unstable abowe0.2 T. This a rather typical value
should be found. The difference betwedg,,, andH,,. will when no special cautions are taken to stabilize the field and
now be due to the shape-dependent contribution related tecreen the SQUID circuitry from the stray fields: in special-
the demagnetizing factd®,;, of the grain and the structural ized sy:stem%‘,9 operation up to 8 T has been achieved by
part arising from the crystal structure of the material. designing a dedicated magnet with large bore and by adding
In view of all the uncertainties involved, the simplest a NbTi superconducting shield around the sample—and
solution for the present purpose appears to assume all graipéckup coils—space. We recall that our system is not dedi-
to have identical shape and to adopt, for both steps, the Loeated uniquely to SQUID magnetometery and can accommo-
entz approximation to estimate the contributions dependinglate, for instance, NMR experiments where the possibility of
on the structural aspects. Thereby we shall also neglect theroducing continuous field sweeps is essential.

contributions from the dipoles inside the spheres. One then
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