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In the field of nanomagnetism and spintronics, integral magnetometry is nowadays challenged by
samples with low magnetic moments and/or low coercive fields. Commercial superconducting
quantum interference device magnetometers are versatile experimental tools to magnetically charac-
terize samples with ultimate sensitivity as well as with a high degree of automation. For realistic
experimental conditions, the as-recorded magnetic signal contains several artifacts, especially if
small signals are measured on top of a large magnetic background or low magnetic fields are
required. In this Tutorial, we will briefly review the basic principles of magnetometry and present a
representative discussion of artifacts which can occur in studying samples like soft magnetic materi-
als as well as low moment samples. It turns out that special attention is needed to quantify and
correct the residual fields of the superconducting magnet to derive useful information from integral
magnetometry while pushing the limits of detection and to avoid erroneous conclusions. © 2018

Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTORY REMARKS

Magnetometry, in general, refers to measuring the mag-
netization M or the magnetic moment m of a sample. Since
both are vectorial quantities, one has to be aware that magne-
tometry often measures only one component of the magneti-
zation vector. In some cases, e.g., in geology, it is of interest
in which direction the magnetization of a piece of rock
points. In these cases, a vector magnetometer is the technique
of choice and external magnetic fields are less important.
However, in many cases, magnetometry is performed in an
applied magnetic field and one component, mostly the pro-
jection of M onto the field direction, is measured. For the
purpose of this Tutorial, magnetometry is distinguished from
susceptometry where the magnetic susceptibility χ ¼ @M=@H
is measured and one can distinguish the (quasi-)static
dc-susceptibility, which actually corresponds to magnetome-
try and the frequency-dependent ac-susceptibility, which is
measured in susceptometers.

There are numerous different experimental techniques
for magnetometry ranging from vibrating sample magnetome-
ters (VSM),1 over optical techniques like the magneto-optical
Kerr effect (MOKE)2 to sophisticated experimental techniques
utilizing large scale facilities like neutrons (polarized neutron
scattering)3 or synchrotrons (x-ray magnetic circular dichro-
ism).4 Most of them can be turned into susceptometry by mod-
ulating the external magnetic field applied to the specimen and
recording the response function χ. This spans from ac-MOKE5

to high frequency techniques in the GHz-regime such as elec-
tron paramagnetic or ferromagnetic resonance (ESR/FMR).6,7

For almost any kind of magnetometry, there exists a wealth of
textbooks and review articles and here only a subjective choice
of exemplarily works has been made; the interested reader is
referred to the references therein. It is not the objective of this
Tutorial to review and summarize all the types of magnetome-
try, but to put the focus on one rather common, lab-based mag-
netometry, namely, the superconducting quantum interference
device (SQUID) magnetometer. SQUID magnetometers are
commercially available and typically allow a fully automated
measurement of the magnetization of a specimen as a function
of magnetic field and/or temperature. However, this user-
friendly automation comes with the danger of possible pitfalls
and artifacts. This Tutorial summarizes some of the most
important ones, in particular, if low magnetic fields or small
magnetic signals are to be detected. This is predominantly of
relevance for those working in the field of nanomagnetism and
spintronics, where the detection limit of the SQUID magne-
tometer is challenged by the physical properties of the typical
specimen.

II. SQUID MAGNETOMETRY

The focus of this Tutorial is to discuss only a limited
number of aspects of SQUID magnetometry, in particular,
those associated with the superconducting magnet.
Therefore, neither the physical principles underlying the use
of SQUIDs shall be reviewed nor all potential applications of
SQUIDs in different disciplines such as physics, geology, or
medicine. The interested reader is referred to a comprehen-
sive review article by Fagley.8 This article also includes
an overview on various technological implementations of
SQUIDs for different purposes. For SQUID magnetometry
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using a commercial system, a “SQUID system can be consid-
ered as a black box that acts like a current (or flux)-to-voltage
amplifier with extremely high gain.”8 Over the last few
decades, highly sensitive SQUID magnetometers have
become essential and widely spread tools to study the mag-
netic properties of a range of samples including ultrathin
films,9 nanoparticles,10 and low moment samples like dilute
magnetic semiconductors11 or doped topological insulators.12

Custom-built superconducting quantum interference device
(SQUID) magnetometers, e.g., for ultra-high vacuum cham-
bers,9 nano-SQUIDs,13 or ultra-low temperature SQUIDs11

are sparse. In most cases, in the field of nanomagnetism and
spintronics, the standard magnetic characterization relies on
SQUID magnetometry utilizing commercially available
machines which offer a very good sensitivity together with a
high degree of automation.

The most widely used SQUID magnetometer is offered by
Quantum Design,14 the MPMS-XL (approximately 800–1000
sold machines) and more recently, the succeeding model
MPMS3 (about 200 sold machines so far). Alternatively, a
SQUID magnetometer is also available from Cryogenic,15 the
SX700. No matter which of these machines is used, they com-
monly utilize a superconducting magnet with no direct mea-
surement of the magnetic field at the location of the sample.
Over the recent years, several publications have already been
dealing with many possible pitfalls and artifacts of SQUID
magnetometers, especially from the MPMS family.16–23 A
known issue of all types of superconducting magnets used
in these magnetometers is the remanent or offset field which
originates from trapped magnetic flux pinned at defects in the
material of the superconducting coil.23,24 Most importantly, it
is directed antiparallel to the last experienced strong field by
the magnet. Recording a magnetization curve up to high mag-
netic fields, this residual field can neither be avoided nor cor-
rected since the commercial SQUID magnetometers do not
measure the magnetic field at the location of the sample. The
offset field, therefore, leads to an apparent residual hysteresis
for diamagnetic samples and an inverted hysteresis for para-
magnetic samples23 which may be held responsible for the pos-
sible pitfalls in performing magnetometry using sapphire
substrates20 and limits the ultimate detection sensitivity.21

In the following, a detailed characterization of the resid-
ual field of the superconducting magnet of an MPMS-XL5
SQUID magnetometer will be presented. On the one hand, it
can lead to an erroneous determination of low coercive fields
Hc. On the other hand, it gives rise to residual signals for
low moment samples on diamagnetic substrates. A rather
straightforward experiment is presented to quantify the resid-
ual field as a function of the history of the magnet. In addi-
tion, another possible pitfall in SQUID magnetometry is
presented: as pointed out before based on simulations of the
expected SQUID response19,23 that in cases where the mag-
netization M and the external magnetic field H are not collin-
ear the fitting routine leads to an unrealistic shape of the
hysteresis. Finally, once the trapped field has been character-
ized and the reproducibility of the magnetic measurements
has been established, it is demonstrated that it is possible to
extract a small magnetic moment even beyond the previously
established detection sensitivity for typical low moment

samples.21 Therefore, the presented experiments are useful
for SQUID users which need to rely on the ultimate perfor-
mance of their SQUID magnetometer to study subtle effects
in modern magnetism research.

A. Measurement principle of SQUID magnetometry

First of all, it is important to note that SQUIDs can only
detect magnetic flux Φ ¼

Ð

B � dA, i.e., magnetic flux density
B times the area A of the SQUID loop. Since the effective
area A of each SQUID is per se not known, it requires that
every SQUID magnetometer has to be calibrated with a
sample of known magnetic moment and thus known fringing
(or stray) field B which is usually done by the manufacturer.
Commercial SQUID magnetometers usually detect the
change of magnetic flux created by mechanically moving the
sample through a superconducting pick-up coil which is con-
verted to a voltage VSQUID. For the MPMS, the position is
denoted as the x direction which is parallel to the external
magnetic field Bext so that one obtains raw data, the so-called
“lastscan,” where VSQUID is plotted versus x-pos. as seen in
Fig. 1. To reliably suppress the influence of all kinds of
external magnetic fields, the pick-up coil is made as second
order gradiometer. The entire detection system is sketched in
Fig. 1 and the inset exemplarily shows a single SQUID scan
where the maximum of VSQUID at x-pos. of 2 cm corresponds
to the sample directly positioned in-between the double coil
of the pick-up gradiometer. After mounting a new magnetic
specimen, this center position has to be determined using a
long scan to properly adjust the sample position with respect
to the pickup coils. Note that for the actual measurements, it
is in most cases also advisable to record relatively long scans
so that not only the maximum but also the two minima are
included in the scan. In a day-to-day use, the single SQUID
scan is then fitted in a fully automated way without direct
access to the routine for the user by assuming that the sample
is an ideal point dipole which is exactly positioned on the
axis of the magnetometer. The standard software allows one
to perform the fit in two ways: it either assumes a fixed
sample position and only fits the amplitude of the
VSQUID(x-pos.)-curve with a single fitting parameter which is

FIG. 1. Schematic setup of a SQUID magnetometer with 2nd order gradi-
ometer. The inset shows the SQUID response VSQUID versus sample position
(x-pos.).
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the magnetic moment of the assumed point dipole; in the
MPMS, this is the so-called linear regression mode.
Alternatively, the so-called iterative regression mode also
allows the sample position to be fitted together with the
amplitude. This has its benefits when temperature dependen-
cies shall be recorded, where the iterative regression mode
easily compensates for the thermal expansion of the sample
holder assembly. To minimize errors in the fit due to the point
dipole approximation in either fitting routine, the specimen size
should be limited to max. 5mm along the scan direction.
Laterally, the sample size is naturally limited to 5–6mm by the
sample holder which typically is a clear drinking straw.
However, it has been noted from early on that the point dipole
approximation leads to incorrect values of the fitted magnetic
moment of the sample.16,18,19 To derive a more accurate value
of the magnetic moment of the specimen, correction factors for
finite samples sizes have to be used. The details of improved
fitting functions, correction factors, and more details about how
to derive/calculate them including the relevant formulas can be
found in Refs. 16, 18, 19, and 23. For example, a rather typical
cuboid sample size of 5� 5� 0:5 mm3 in an in-plane mea-
surement geometry, i.e., applying the magnetic field along
one of the 5 mm edges, the correction factor is 0.9833.23 No
matter if the direct result of the automated fitting routine is
used or the results are corrected, the fit of each single scan
only returns the magnetic moment of the entire sample. To
derive the magnetization, which is the more relevant quantity
and needed if different samples shall be compared with each
other, one has to divide the magnetic moment by the sample
volume. However, the sample volume has to be measured
independently, which in general is not trivial, especially for a
thin film on a (usually) diamagnetic substrate and the associ-
ated uncertainty can easily exceed the one stemming from
the point dipole approximation.

All measurements in the present work have been taken
with the MPMS-XL5 (μ0Hmax ¼ 5 T) magnetometer at the
Johannes Kepler University Linz; therefore, all technical
remarks only refer to this type of SQUID magnetometer,
which is, however, still the most abundant commercial
SQUID magnetometer. However, the basic considerations
can easily be transferred to other types of magnetometers
such as the new MPMS3 or the SX700. For all measurements
with the MPMS-XL5, the so-called reciprocal space option
(RSO) is used which technically allows one to average over a
number of repeated movements of the sample through the
pick-up gradiometer within a reasonable time-frame. For
highly sensitive measurements, the following parameters
turned out to be a good compromise between accuracy and
time: 4 cm of sample movement, average over 5 scans with
10 oscillations each at 1 Hz, and iterative regression mode for
the fit routine (unless otherwise stated). Note that it is impor-
tant to split the averaging into more than one scan because
the fitting routine provides the standard deviation between
the different scan which can be used as error bars. However,
these error bars should not be mistaken with the uncertainty
of the actual measurement, which comprises more contribu-
tions, e.g., the uncertainty in the applied magnetic field. In
virtually all data shown here, the visible scatter of the data
does well-reflect these uncertainties returned by the fitting

routine and therefore those error bars are not explicitly
shown.

A clear drinking straw serves as sample holder where
the sample is held in place by no other means than clamping
it in-between the walls of the straw (see Fig. 2). If the mag-
netic field Bext shall only be applied in the plane of the film,
a rectangular sample size of about 3� 5:5 mm2 is suitable
[see Fig. 2(a)]; in cases where Bext shall be applied in- as
well as out-of-plane, one should choose a square-shape
sample with 4:2� 4:2 mm2 so that it can be rotated forth and
back inside the straw [see Fig. 2(b)]. Finally, it shall be
stressed again that with regard to the sample holder, great
care has to be taken that the holder itself is homogeneous
across the entire length of the gradiometer even while
moving from the bottom- to the top-most position. Holes,
cuts, and even small dents in the straw present locally
missing diamagnetic material which the pickup system
records as net-paramagnetic signal. In turn, textmarker label-
ing on the sample holder close to the sample behave oppo-
sitely, since textmakers are usually containing paramagnetic
pigments. Similar care has to be exercised during handling of
the samples to avoid any kind of magnetic contamination as
pointed out before.21–23 A good summary of inappropriate
sample handling and mounting can be found in Ref. 22.
However, these precautions are not specific to SQUID mag-
netometry but also concerns other integral magnetic charac-
terization techniques such as VSM or ferromagnetic or
electron paramagnetic resonance techniques.

B. Quantities and units relevant for magnetometry

The magnetization M of a homogeneous sample of volume
V is related to the magnetic moment m like M ¼ m=V .
Magnetometry is distinguished from susceptometry where the
magnetic susceptibility tensor χij is given by χij ¼ @Mi=@Hj.
Here H denotes the magnetic field strength not to be mistaken
with B which is the magnetic flux density or magnetic induc-
tion. In the still rather common cgs units, B is measured in
Gauss (G), while H is measured in Oersted (Oe), and in
vacuum, both quantities are identical. In the proper SI units, B
is measured in Tesla (T) and H is measured in A/m and, in
vacuum, B ¼ μ0H; the conversion from cgs to SI is 10 000
G¼ 1 T. The MPMS uses by default the cgs-unit emu for
m, which can be easily converted into the proper SI-unit

FIG. 2. Sketch of a low-background sample mounting inside a clear drink-
ing straw. (a) Geometry if only in-plane magnetization curves are to be mea-
sured. (b) Square-shaped sample size which can be rotated from in-plane to
out-of-plane geometry.
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(1 emu¼10�3 Am2). Therefore, also the magnetization is
often provided in emu/cm3 in the literature which easily
translates into the proper SI unit (1 emu/cm3 ¼ 1 kA/m). The
externally applied magnetic field H is provided in Oe by the
magnetometer; since the corresponding SI unit A/m is rather
uncommon, it is advisable to provide the external magnetic
field in T and denote the quantity as μ0H to indicate that the
value refers to the magnetic field strength outside the actual
specimen where it is identical to B and thus can be provided
in the common SI unit Tesla.

In many publications, the measured quantity of SQUID
magnetometry is often provided in emu/g which in the case
of powder samples is easier to be measured and does not
require an exact knowledge of the density of the used mate-
rial. This has its benefits, e.g., in nanoparticulate samples
where it is sometimes questionable if the density of the bulk
material can be used. On the other hand, it makes the quanti-
tative comparison between samples from different publica-
tions rather questionable. Even more intricate is to provide
the results of magnetometry in μB/atom. Here the number of
atoms in the actual specimen has to be determined indepen-
dently as atoms/cm3. Then emu/cm3 yields emu/atom which
then is converted to μB/atom using 1 μB ¼ 9:274 � 10�21 emu.
The uncertainties of determining volume, density, or number
of atoms in the sample may easily become larger than the
actual uncertainty related to the magnetic measurement itself.
In any case, it is advisable to either explicitly state the volume
or mass of the measured sample separately or to provide the
experimental result from magnetometry as measured, i.e., as m
in either emu or Am2. This allows assessing the actual size of
the measured signal and is of relevance for experiments close
to the sensitivity limit of the magnetometer.

C. Sensitivity and detection limits

SQUID magnetometers can be considered as one of the
most sensitive types of quantitative magnetometry. Usually, the
sensitivity of a SQUID device is of the order of fT/

ffiffiffiffiffiffi

Hz
p

which
is far below the stray field of a single atomic layer of magnetic
material of typical lateral dimensions in the range of few mm2.
In contrast, the sensitivity of commercial SQUID magnetom-
eters is usually provided in emu; for the MPMS-XL5, it is
,1 � 10�8 emu below 250 mT and ,2 � 10�7 emu up to full
field according to the manufacturers specifications. These
specifications usually rely on a measurement with an empty
sample holder (straw) and the typical value of artificial
signal returned by the fitting routine. It, therefore, corre-
sponds to the detection sensitivity of the entire pick-up coil
detection system including fitting artifacts. Nevertheless, this
sensitivity is a few orders of magnitude worse compared to
the actual detection limit of a SQUID alone. On the other
hand, 1 � 10�7 emu roughly correspond to the magnetic
moment of a single atomic layer of Ni, depending on the
chosen specimen size. This translates to a fringing field of
the order of nT in a distance of a few mm (see Ref. 9 and
references therein). In Fig. 7, top right inset, a lastscan of a
bare diamagnetic sapphire at 0 mT is shown where the fit
routine returns a magnetic moment of (3:6+ 0:8) � 10�9 emu.
So it is often the case that a single measurement can be

recorded down to signals well below the specified sensitivity
which in any case only provides an upper limit of a finite
artifact signal upon measuring a true zero-signal.

For practical magnetometry, the specified sensitivity is,
however, not the only relevant quantity to be considered. In
many cases, in spintronics and magnetism, the actual mag-
netic specimen comes with a substrate or matrix which can
be diamagnetic or paramagnetic. Due to the larger volume of
the substrate compared to, e.g., a thin magnetic film already
at moderate external magnetic fields, the diamagnetic
moment of the substrate exceeds the ferromagnetic moment
of the film because the diamagnetic moment increases line-
arly with field while the ferromagnetic moment quickly satu-
rates with fields and stays constant. Therefore, to derive the
magnetic properties of the specimen of interest, one has to
subtract a large diamagnetic background from a large mea-
sured signal to derive the small magnetic moment of interest.
This implies that the accuracy and reproducibility of a single
measurement has to be sufficient to reliably derive the small
magnetic signal of interest. In cases where the signal of inter-
est is only 1% of the total measured signal, the accuracy and
reproducibility of the measurement has to be better than 10�3

to obtain a magnetic signal with a sufficient signal to noise
ratio of say 10. In other words, if SQUID measurements
have to be corrected for the diamagnetic background of the
specimen, it is not sufficient to detect signals of the order of
10�4 emu but one also has to assure an accuracy of
(1:000+ 0:001) � 10�4 emu , i.e., an accuracy of the order of
10�7 emu. As it will be shown in this Tutorial, the commer-
cial SQUID magnetometers are usually capable of delivering
a sufficient accuracy of each individual measurement. In the
case of the MPMS, this makes the use of the RSO option
with a significant number of averaging necessary, since the
standard or dc-transport offers insufficient scan speed to
average over 50 individual movements for each measurement.

Finally, it has to be mentioned that for dia- (or para-)
magnetic substrates, there is also a correlated uncertainty of
the derived magnetic moment with the uncertainty of the
externally applied magnetic field. As already mentioned,
the field is never directly measured so that the nominal and
the actual field experienced by the specimen are different.
Consequently, if one calculates the diamagnetic contribution
of the substrate from the nominal field, this results in small
discrepancies to the actual diamagnetism due to the actual
magnetic field experienced by the sample. This fact will be
one of the main points of this Tutorial and severely limits the
interpretation of as-recorded magnetic data from SQUID
magnetometry in cases where substrates are used.

III. DETAILS ON THE EXPERIMENTAL PROCEDURE

A. Used specimen for magnetometry

Two types of magnetic specimen are exemplarily investi-
gated here which are frequently found in current nanomag-
netism and spintronic research. On the one hand, ultrasoft
magnetic materials with a low coercive field (Hc) such as the
Ni80Fe20 alloy, i.e., Permalloy (Py) are often used because of
their low magnetic damping. On the other hand, dilute mag-
netic semiconductors (DMS) were intensively studied over
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the past decade which usually have a rather low magnetic
moment compared to the diamagnetic response of a typical
substrate material it comes with. The following samples are
under investigation: (i) A nominally 50 nm thick Py film
grown on c-plane sapphire [Al2O3(0001)] by magnetron
sputtering from a Py metal target using Ar at room tempera-
ture. X-ray diffraction confirmed that the film is virtually
amorphous. FMR measurements on this sample revealed a
rather narrow FMR line with a peak-to-peak width of 3 mT
at a resonance field of 101.5 mT at 9.56 GHz which are
typical values for good Py films. Therefore, a very narrow
hysteresis with Hc of about 0.1 mT can be expected for this
Py film, see e.g., Ref. 25 and references therein. (ii) As
typical DMS material, we rely on a previously well-studied
DMS system, namely, Zn0:8Co0:2O (Co:ZnO). One nomi-
nally 200 nm and one nominally 1 μm thick 20% Co:ZnO
epitaxial films were grown on c-plane sapphire by reactive
magnetron sputtering as described in detail elsewhere.26

Detailed investigations using synchrotron radiation on the
200 nm26 as well as the 1 μm28 sample excluded the pres-
ence of metallic Co precipitations down to less than 1%
relying on previously established quality indicators.29 The
200 nm thick Co:ZnO film had been investigated by TEM
and the two first layers adjacent to the sapphire substrate
were found to be Co rich and Zn-deficient (see Fig. 6 of
Ref. 27). The two typical magnetic specimen are comple-
mented by (iii) a bulk Pd reference sample provided by
Quantum Design and (iv) a bare c-plane sapphire substrate
provided by CrysTec30 from the same batch onto which the
Py and Co:ZnO films have been grown.

B. Standard measurement sequence

For almost any unknown type of magnetic specimen in
the field of nanomagnetism and spintronics, a fully auto-
mated “standard sequence” is useful as a first test to specify
the kind of magnetism of a given specimen. The standard
sequence used throughout this work refers to the following
experimental protocol: first, a full M(H) curve is measured at
300 K from þ5 T to �5 T and back using the “no overshoot”
mode (field is approaching the desired magnetic field from
one side and exactly stabilizes the magnetic field at the
requested value; magnet is in persistent mode during the
actual measurement). Then the sample is cooled down in
þ5 T to 2 K and another full M(H) curve is recorded. Note
that the M(H) curve at 2 K is measured in field-cooled (FC)
conditions which allows one to see whether exchange bias
effects or field imprinted magnetizations of, e.g., uncompen-
sated antiferromagnets31 or ferrimagnets exist. If it is already
known that they are present/absent, it may be advantageous
to cool down in zero field between the 300 K and 2 K hyster-
esis. Subsequently, the field is lowered to 10 mT and an
M(T) curve is measured while warming the sample from 2 K
to 300 K (field-heated, FH) using the sweep mode (no stabili-
zation of the temperature for the actual measurement) with
0.5 K/min from 2 K to 20 K and with 5 K/min from 20 K to
300 K. Then, the field is set using no overshoot to �100 mT
and to þ50 mT and finally, to 0 mT using the “oscillation”
mode (field overshoots the desired field and oscillates several

times around the target field with decreasing offset). The
sample is then cooled down to 2 K in nominally zero-field.
At 2 K the field is increased again to 10 mT and the identical
M(T) curve is measured under zero-field cooled (ZFC) con-
ditions. Finally, another M(T) curve is measured at 10 mT
with identical step-sizes now cooling the sample from 300 K
to 2 K (FC). It has to be noted that the actual field for the
ZFC conditions is still finite and negative, i.e., antiparallel to
the small probing field of 10 mT; if exactly zero field is
required for ZFC, a magnet reset is needed (see further
below). However, one should keep in mind that the manufac-
turer advises to avoid frequent resets to minimize the danger
of damage to the magnet and, therefore, for an everyday
standard sequence, a magnet reset is not a good option.
Subsequently, additional and more detailed measurements
can be taken, e.g., M(H) curves under FC and ZFC condi-
tions for exchange bias systems, M(T) curves at remanence
in cases where the sample is ferromagnetic/superparamagen-
tic, and ZFC M(T) curves with waiting times for spin
glasses; here the actual magnetic properties of the given
specimen decide, what protocol is appropriate.

Figure 3 shows the results of the standard sequence per-
formed on the 200 nm thick 20% Co:ZnO film on sapphire.
In Fig. 3(a), the as-recorded data for the M(H) curves at 300
K and 2 K are shown. The maximum signal is of the order of
800 μemu. As can be seen from the negative slope it is domi-
nated by a net-diamagnetic behavior which is superimposed
by an additional contribution at 2 K. Since diamagnetism in
this temperature range is a temperature independent quantity,
one can easily derive the diamagnetic contribution from the
slope of the M(H)-curve at 300 K at high magnetic fields. In
this case, this yields �1:8096(2) � 10�8 emu/Oe, where the
slope was taken in the range between 2 T and 5 T. This
diamagnetic contribution of the sapphire substrate is then
subtracted from all M(H) and M(T) data. The corrected
M(H) curves at 300 K and 2 K are shown in Fig. 3(b), which

FIG. 3. Result of the standard sequence of a 200 nm thick 20% Co:ZnO film
on sapphire. (a) displays the raw data of the M(H) measurements at 300 K
and 2 K, while in (b) the diamagnetic contribution of the substrate has been
subtracted. (c) enlarges the M(H) curve at 300 K where the total signal is of
the order of the artifact level of the SQUID.21 (d) summarizes the M(T) mea-
surements under field heated (FH), field cooled (FC), and zero field cooled
(ZFC) conditions.
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demonstrates that hardly any magnetic response beyond dia-
magnetism is visible at 300 K. In contrast, a clear paramag-
netic M(H) curve is seen at 2 K, the size of which is only of
the order of 120 μemu, i.e. roughly 20% of the total signal.
In Fig. 3(c), the M(H) curve at 300 K is enlarged which
exhibits an apparent hysteresis; however, the overall size of
the signal is only 0.05% of the total magnetic response of the
specimen. Its absolute size is about 0.8 μemu and thus very
close to the sensitivity limit which was reported before.21

Consequently, the data are rather noisy and the visible scatter
corresponds to the errorbars of each individual data point. In
addition, it has clearly been demonstrated that this “hystere-
sis” stems from the residual pinned magnetic flux of the
superconducting coil of the magnet and it inverts if a para-
magnetic substrate is used rather than a diamagnetic one.23

However, as we will show later-on for the 1 μm thick film,
the response at 300 K contains an additional magnetic contri-
bution beyond the artifact level stemming from the combina-
tion of the diamagnetic sapphire substrate and the residual
field of the magnet.

Finally, Fig. 3(d) shows the three M(T) curves which
were subsequently measured under FH, ZFC, and FC condi-
tions. At first sight, all three curves coincide rather well, all
showing a 1=T-like behavior which is typical for paramag-
netic materials and consistent with the M(H) curve in
Fig. 3(b). However, a closer inspection reveals that while
the FC and ZFC curve match rather well, the FH curve
exhibits a slightly larger magnetization which is best seen at
2 K. Note that 20% Co:ZnO is right at the onset of the
coalescence-induced magnetic order recently reported for Co:
ZnO.31 A similar behavior is also seen in the 1 μm thick film
which will be discussed toward the end of this work.

IV. EXPERIMENTAL DEMONSTRATION OF
ARTIFACTS IN SQUID MAGNETOMETRY

This section is divided into three subparts: First, the Py
film is investigated at 300 K applying the magnetic field in
both principal orientations to extract Hc as well as the anisot-
ropy field Baniso. The proper Hc is only found if the residual
field of the magnet is purged by resetting the magnet.
Second, a simple procedure is introduced to quantify the
offset field of the superconducting magnet depending on the
setting mode. This is done for sapphire, the Pd reference as
well as the Co:ZnO film. Finally, the 1 μm thick Co:ZnO
sample is used to test the reproducibility of the standard
sequence together with the variation of the offset field. This
ultimately enables one to subtract the experimental data
recorded for the sapphire substrate from the ones of the Co:
ZnO film to derive the magnetic signal which stems from the
interfacial magnetism in Co:ZnO.

A. In-plane vs. out-of-plane hystereses for Py

Figure 4 shows an M(H) curve of the Py/sapphire film
recorded from þ5 T to �5 T and back at 300 K. The mag-
netic field has been applied in the film plane (black circles)
as well as out-of-plane (blue squares) by rotating the identical
sample piece inside the straw [see Fig. 2(b)]. The high-field
behavior of the M(H) curves can be extrapolated to

determine the anisotropy field Baniso indicated by the orange
star. Note that Baniso is actually a magnetic flux density but it
is common to refer to it as “anisotropy field” and still
provide values in Tesla. This procedure leads to
Baniso ¼ (1:0+ 0:1) T. Taking the area of the Py film and the
film thickness of (43+ 1) nm as derived by X-ray reflectiv-
ity (Fig. 4, inset), one can calculate the saturation magnetiza-
tion Msat of this film yielding (710+ 40) emu/cm3 which
would relate to Baniso ¼ (0:9+ 0:5) T for an ideal thin film,
i.e., Baniso ¼ 4πM. Considering that the Py film is grown on
an oxide substrate and is unprotected against oxidation, one
has to assume a by 10% reduced effective thickness, i.e., 2
nm of oxidized Py on either interface so that we consider the
quantitative result in Fig. 4 as realistic. However, it is not the
aim of this work to extract highly accurate quantitative
numbers for M and Baniso but to demonstrate the limitations
of measuring a proper Hc for Py with a SQUID magnetometer.

Figure 5(a) shows the low-field behavior of the data of
Fig. 4. A clear hysteresis with an apparent Hc of (1:5+ 0:1) mT
is visible in the in-plane data as well as a full remanence MR.
In contrast, a small residual hysteresis is also visible in the
out-of-plane data although the hard axis M(H) curve should
be anhysteretic. However, considering that the sample is
rotated inside the straw by two wooden sticks and only
aligned by eye, one can assume that the orientation may not
be truly out-of-plane. Taking sin�1 (Moop

R =Mip
R ) ¼ 1:8�, one

easily recognizes that the cause for the residual hysteresis
out-of-plane is most likely due to an imperfect alignment.
It is noteworthy that a mechanical sample rotator for the
SQUID would have a background signal of the order of
10�4 emu, i.e., of the same order as the signal of the Py
film itself.

More importantly, a close inspection of the in-plane data
shows that actually no hysteresis but an inverted hysteresis is
recorded as indicated by the arrows in Fig. 5(b). This totally
unphysical behavior is due to the fact that a full M(H) curve
up to 5 T has been recorded to extract Baniso, i.e., the magnet
is in a state for which it exhibits a residual offset field. For
example, coming from high positive fields toward zero field,

FIG. 4. In-plane (black circles) versus out-of-plane (blue squares)
M(H)-curves for a 43+ 1 nm thick permalloy (Py) film grown on sapphire
to extract the anisotropy field Baniso. The inset shows X-ray reflectivity to
extract the actual film thickness to derive the magnetization (right scale).
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the magnet is nominally still at small positive fields while the
pinned flux already creates a negative residual field. This
residual field is larger than the nominal field so that the mag-
netization switches before nominally zero field is reached. To
prove that this is indeed the case one can use the so-called
“magnet reset” option of the MPMS (see also Ref. 23). In
the present case, the magnet is reset at a field of 10 mT and
subsequently, an M(H) curve is recorded only from þ10 mT
to �10 mT and back yielding the open triangles in Fig. 5(b).
Now, an extremely narrow hysteresis with Hc of less than
0.2 mT is visible which is much more realistic for Py (see
Ref. 25). The hysteresis is not inverted any more (as indi-
cated by the arrows) but a small shift of about 0.1 mT to the
left is visible which should not be mistaken with an exchange
bias effect. This small shift can also be attributed to an offset
field which is still present after magnet reset; according to
the manufacturer, the purification upon resetting the magnet
is 0.1 to 0.2 mT so that such a small shift would be within
specifications. It is noteworthy that this apparent horizontal
shift of about 0.1 mT does not increase even after the magnet
has been at 5 T as can be seen from the fact that both hystere-
ses in Fig. 5(b) are shifted by the same amount. However, by
comparing the two hystereses, one can estimate the offset
field ΔH to be about 1.7 mT in this case, i.e., after the
magnet has been at its full field of 5 T. It is, therefore, of
utmost importance to reset the magnet and avoid larger mag-
netic fields well above 10 mT when a low Hc of ultrasoft

magnetic materials such as Py shall be determined and the
measurement sequence has to be adopted accordingly. Note
that also in the case of ZFC conditions, a magnet reset may
turn out to be unavoidable, e.g., in spin glass systems or if a
complex sample system is cooled through its Néel tempera-
ture. If the magnet has been reset, and large fields are
avoided, the offset field remains small and by that one can
keep the number of resets as small as possible, e.g., by mea-
suring low field M(H) curves in a row. For the SQUID
machine discussed here, maximum fields of 30 mT are possi-
ble without significantly increasing the residual field (not
shown); however, the highest possible field to avoid an
increase of the offset field may vary from magnet to magnet
and has to be determined for each machine separately.

Finally, the M(H) curve recorded in the out-of-plane
geometry shall be inspected more closely. It has already been
pointed out, based on simulations in Ref. 23, that in cases
where M and H are not collinear, artifacts of the fitting
routine of the MPMS come into play. Figure 6 shows again
the M(H) curves in the out-of-plane geometry of the Py film.
At each field point, two measurements were taken, one with
the iterative regression mode and one with the linear regres-
sion mode. The two side panels display the two raw scans,
i.e., the SQUID voltage (VSQUID) as a function of the sample

FIG. 5. (a) Enlargement of the low-field data of the measurement of Fig. 4
revealing an apparent coercive field for Py of 1.7 mT and a residual
out-of-plane hysteresis. (b) Inverted in-plane hysteresis after the magnet has
been at high magnetic fields (full circles) and a more realistic hysteresis after
a magnet reset (open triangles).

FIG. 6. (a) Out-of-plane hysteresis of Py measured with iterative (red
squares) and linear (green circles) regression mode at 1 T. The corresponding
raw scans (SQUID voltage versus sample position) indicate the respective
data and the fit (see text). (b) Low-field behavior of the two measurements
from (a) with the respective raw scans.
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position (x position) along the pick-up gradiometer of the
SQUID at 1 T, where M is fully rotated out of the film plane
by H. In the iterative regression mode (top), the expected
stray field distribution of a point dipole is fitted to the mea-
sured raw data by allowing the sample’s position to freely
vary along x; M is extracted from the amplitude of the fit. In
linear regression mode, the position of the sample is fixed to
the center of the x-position scan, in this case 2 cm. It is
obvious from Fig. 6(a) that both fitting modes reproduce the
raw data rather well and result in the identical value of M. If
the field is lowered to 2 mT, M is almost fully rotated back
into the film plane since H is not sufficient to overcome
Baniso. As Fig. 6(b) demonstrates, this leads to a strong dis-
crepancy between the two fitting modes because the actual
raw data resemble an “N” shaped distribution similar to what
has been calculated for the non-collinear case before.23 The
iterative regression mode tries to follow one of the extrema to
determine the apparently shifted sample position eventually
jumping to the other which leads to rather discontinuous
jumps in the M(H) loop visible in Fig. 6(b) in the red
squares with rather large values of M. In contrast, the linear
regression mode results in a more realistic shape of the hys-
teresis although the quality of the fit appears to be worse [see
side panels in Fig. 6(b)]. This phenomenon has theoretically
been discussed in detail in Ref. 23 and there is no possibility
to get an improved fit by the standard software of the magne-
tometer. Here it is important to remark that in cases where M
and H can be non-collinear, e.g., in hard-axis magnetization
curves, one has to either perform a tedious analysis with
assumed exact position of the specimen and the angle of the
magnetization with respect to the field by going into the raw
data of the SQUID. Alternatively, one has to choose the
linear regression mode to avoid erroneous results with regard
to the shape of the M(H) curve on the expenses of numeri-
cally incorrect values for M.

Once care is taken to avoid potential pitfalls in SQUID
magnetometry, the magnetic properties of Py can be deter-
mined, although it possesses very low coercivity. A realistic
order of magnitude of Hc of 0.1 mT is derived which is not a
trivial task for a 5 T superconducting magnet since Hc is of
the same size as the minimum residual field. Also the
derived quantitative values for Baniso and Msat are within
expectation for Py. Of course, an accurate determination of
Hc down to 0.01 mT for Py should rely on magnets with
direct measurement of the applied field.

B. Determination of the offset field

It has already been shown in Sec. IV A that the inverted
hysteresis of the Py film suggests an offset field of about
1.7 mT at fields below 30 mT after the magnet has been at
maximum field. Figure 7 shows a rather simple procedure to
quantify it depending on the setting mode of the magnetic
field. A bare sapphire substrate is used and first a standard
sequence as described in the experimental details is
recorded. The usual procedure to derive the diamagnetic
signal of the sample is to take the slope of the high field
behavior of the M(H) curve at 300 K. A linear fit to the
high field data leads to a diamagnetic susceptibility of

(� 1:117+ 0:001) � 10�7 emu/mT for the used sapphire sub-
strate. Since this procedure relies on high-field data above 2
T, small offset fields of the order of 2 mT do not significantly
contribute to the uncertainty of the derived value for the sus-
ceptibility. After the standard sequence, the magnet has been
at 5 T and is now set to nominally 0 mT (open stars) using
the no-overshoot mode. Then, a single measurement is per-
formed at nominally zero field which should result in zero
magnetization for an ideal diamagnet. Figure 7, however,
demonstrates that a small positive magnetization of
1:27 � 10�7 emu is measured (top left raw data scan and full
squares). Assuming that the sample indeed has zero magneti-
zation, one can back-calculate this to a small negative resid-
ual field of 1.14 mT (full circles). Setting the field back to
10 mT in no-overshoot mode, a clear negative M of
9:6 � 10�7 emu is measured (bottom left raw scan), a value
which exactly reproduces the results of the M(T) measure-
ments at 300 K during the standard sequence. Using the high
field susceptibility, this translates into a real field of 8.6 mT
corresponding to an antiparallel offset field of 1.4 mT. Going
back to zero magnetic field, now using the oscillate mode,
the initial result is reproduced. Also going back to 10 mT in

FIG. 7. Procedure to extract the offset field of the superconducting magnet
depending on the setting mode of the field control for the case of a bare sap-
phire substrate. Full squares refer to the left axis and correspond to a series
of subsequent individual SQUID measurements derived from the individual
raw scans and corresponding fits which are shown in the respective insets.
Each point corresponds to a different set mode and/or field value of the mag-
netic field which are denoted as follows: The open stars denote the nominal
field value for the given measurement and full circles represent the back-
calculated field values, both referring to the right axis, see text for details.
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no-overshoot mode, the initial result is repeated. Obviously,
the oscillatory mode starting from 10 mT is not sufficient to
remove the trapped flux from the magnet. The magnet is then
reset, i.e., heated to the normal conducting state from 10 mT
so that the field is zero within 0.1 to 0.2 mT according to
specifications. A virtually zero magnetization is measured
(top right raw data in Fig. 7). The residual signal of
3:6 � 10�9 emu is below the nominal detection sensitivity of
the magnetometer and the back-calculated residual field is
0.03 mT, well below the specified accuracy. This small offset
field is also consistent with the slight shift of the Py hystere-
sis of 0.1 mT after the magnet reset in Fig. 5(b). Going back
to 10 mT, 1:08 � 10�6 emu is measured which is in reasonable
agreement with the susceptibility derived from the high-
field data. We have chosen to show this behavior for 10 mT
since this is a typical field used for recorded M(T) curves
throughout the literature, especially in the field of DMS.
The reproducibility of this behavior has been tested also at
slightly higher magnetic fields up to 30 mT and merely
identical results have been found (not shown). Note that a
magnet reset consumes the more liquid helium the higher
the starting field is, therefore, it is also valuable to know
that a magnet reset from only 10 mT is sufficient to reliably
remove the residual field from trapped flux in the supercon-
ducting magnet.

Figure 8(a) displays the identical procedure for the para-
magnetic Pd reference sample. Again a discrepancy of about
1.5 mT between the nominal field and the back-calculated
one is found which only vanishes after the magnet has been

reset. The fact that the residual magnetization is inverted by
going from a diamagnetic to a paramagnetic material corrob-
orates that the residual field is consistently antiparallel to the
nominal field. In contrast, the 1 μm thick Co:ZnO sample
depicted in Fig. 8(b) exhibits a significantly different
behavior. Comparable to the bare sapphire substrate after the
standard sequence, a small positive magnetization is mea-
sured at nominally 0 mT; however, back-calculating the
actual field from the high-field diamagnetic response of that
sample (in this case �1:7 � 10�7 emu/mT), the residual field
is 2.0 mT, i.e., an actual field of 8 mT at nominally 10 mT.
Also after resetting the magnet a small positive magnetization
of 0:9 � 107 emu is measurable. This would correspond to a
residual field of 0.6 mT which is, however, in disagreement
with the previous findings where it was shown that a
magnet reset leads to a residual field of only 0.1 mT which
was consistently found for the Py hysteresis, the sapphire
substrate and the Pd reference sample. A repeated reset
does not change the result for Co:ZnO. Interestingly, the
magnetization at 0 mT and 10 mT measured after the reset
both significantly deviate compared to the ones before the
reset. Obviously, the magnet reset has again removed the
residual field so that the small remanent magnetization of
the Co:ZnO sample cannot be taken as an artifact of the
measurement. This will be discussed in more detail toward
the end of Sec. IV C.

C. Reproducibility of the standard sequence and
trapped field for Co:ZnO

Having established that after a standard sequence, the
magnet of the used MPMS has an antiparallel trapped field
of 1.5 mT, this finding shall be verified and corrected by per-
forming a series of subsequent standard sequences for the 1 μ
m thick 20% Co:ZnO sample. The motivation for the choice
of the sample is as follows: (i) This piece of sample has been
studied in great detail using x-ray diffraction, SQUID, and
x-ray absorption spectroscopy over the past five years, see
e.g., Refs. 26 and 28 and no indication of degradation over
time has been found—other than for uncapped Py. (ii) This
sample is paramagnetic so that at low temperature a finite
magnetic response can be found—other than for sapphire
where only a very small paramagnetic component exists
which predominantly stems from Cr impurities as revealed
by electron paramagnetic resonance (not shown). For sap-
phire, the M(H) curves at 2 K and the M(T) curves at low
temperature are rather noisy since after subtraction of the pre-
dominant diamagnetic signal (�5:5 � 10�4 emu) only a very
small paramagnetic signal of 2 � 10�6 emu, i.e., 0.4% of the
total signal is left over. This has been verified by two subse-
quent standard sequences (not shown). (iii) Figure 8 provides
a first indication of a finite magnetic response of Co:ZnO at
300 K which was disregarded in previous publications26

because of the well-known artifacts of the SQUID
magnetometer.21,23

Figure 9(a) shows the M(H) curves of four subsequent
standard sequences at 2 K and the inset provides the 300 K
data. Compared to the data in Fig. 3, the magnetic moment
of this sample is much larger, which is due to the increased

FIG. 8. Identical procedure as in Fig. 7 for bulk Pd (a) and the 1 μm thick
Co:ZnO film grown on sapphire (b); the measured magnetization is given by
the full squares referring to the left axis, nominal (open stars) and back-
calculated field (full circles) refer to the right axis. The setting mode of the
field for each individual measurement is denoted by the horizontal axis
labels; “nO” refers to no-overshoot mode.
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layer thickness and the fact that a slightly larger piece has
been measured. Again, the diamagnetic background has been
derived from the slope of the high-field M(H) data at 300 K
and was already subtracted from all data in Fig. 9. The four
sequences were performed as follows:

– The first standard sequence was directly measured after
cooling down the magnetometer from room temperature
without any waiting time to let the machine equilibrate
thermally.

– The second one was directly measured after the first.
– For the third sequence, the temperature ramp for the M(T)
curves was at 0.5 K/min for the full temperature range.
Consequently, the each M(T) measurement took more than
3 h longer compared to the standard sequence, where the
temperature above 20 K is ramped at 5 K/min.

– Finally, the fourth sequence has been measured after the
sample had been removed from the magnetometer and the
sample holder straw and was remounted after three days in
a new straw.

It is obvious that the four M(H) curves are highly repro-
ducible at both temperatures, although at 300 K, some noise
is clearly visible; the M(T) curves are discussed further
below in Fig. 10(c). This good reproducibility of the M(H)
curves is rather remarkable and the prerequisite to be able to

reliably subtract data recorded for two different specimens
from each other.

Figure 9(b) displays the M(T) measurements under FH,
ZFC, and FC conditions of the first sequence, for better
clarity, the error bars are omitted since they hardly exceed the
visible scatter of the data. Except for a small discrepancy at
very low temperatures between the FH and the two other
curves, all three curves coincide well which is consistent with
the findings for the 200 nm Co:ZnO film in Fig. 3(d).
However, enlarging the M(T) data between 100 K and 300 K,
one can recognize that up to 300 K, the FH data deviate from
the FC and ZFC ones by about 1 � 10�7 emu (left inset).
Slightly altering the actual magnetic field for correcting the
diamagnetic background (right inset) reveals that the argu-
ment to assume a difference in actual magnetic field of
0:6+ 0:1 mT makes the FH data coincide with the FC/ZFC
ones at elevated temperatures. The argument to assume a
small discrepancy between FH and the FC/ZFC measure-
ments can be found in the procedure to set the magnetic field
to 0 mT before the ZFC experiment. Other than in Figs. 7 and
8, the field is not oscillated to zero from 10mT but from 50
mT which obviously alters the state of the residual field. This
finding is in agreement with the fact that the procedure in Sec.
II only leads to reproducible results up to 30mT. Note that a
magnet reset before ZFC makes the discrepancy between the
FH and the FC/ZFC worse because then the overall offset
field of 1.4 mT which is present in the FH M(T) curve would
be removed for the ZFC and FC M(T) curves by the reset.

Figure 10 provides further insight into the behavior of
the offset field. It has already been pointed out that the size
of the offset field scales with the field strength.23 So far, only
its influence at low magnetic fields around 10 mT has been
evidenced by the inverted Py hystereses and the M(T) curves
of Co:ZnO. Turning to the high field behavior of the offset
field, one can remove the residual M(H) hysteresis at 300 K
by assuming a residual antiparallel offset field before the dia-
magnetic background is removed. For that one first deter-
mines the diamagnetic background as described before. The
one subtracts a small offset field from the magnetic field
data, e.g., 50 000 Oe ! 49 990 Oe, 40 000 Oe ! 39 990 Oe,
etc. Then one uses these assumed field values to subtract the
diamagnetic contribution as derived before. The resulting
M(H) curves then change and the apparent magnetization at
high fields gets smaller or even negative. This has to be
repeated for different assumed offset fields until the magneti-
zation at high fields is zero. Figure 10(b) demonstrates that
zero magnetic response from 1 T to 5 T can be derived if a
constant offset field of 12.5 mT is assumed, which is still
within specifications of 1% field accuracy of the MPMS. One
has to remark that the 12.5 mT only represents an upper limit
for the offset field for the given magnetometer in Linz; the
MPMS in Warsaw behaves slightly different at high magnetic
fields (see Figs. 6, 7, and 9 in Ref. 23); however, the order of
magnitude is consistent with the findings reported there. It
has to be noted that this procedure would eliminate eventual
ferro- or superparamagnetic contributions in the 300 K M(H)
curves; we will come back to this point further below.

First, the reproducibility of the offset field at low fields
shall be studied for this realistic DMS sample. For that

FIG. 9. (a) M(H)-curves for a Co:ZnO/sapphire film at 2 K and 300 K
(inset). The identical sequence has been repeated four times. (b) M(T) curves
between 2 K and 300 K for FH (full squares), ZFC (full circles), and FC
(open triangles) conditions. The insets enlarge the temperature region above
100 K revealing the different states of the magnet between FH and FC/ZFC
conditions (see text).
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Fig. 10(c) exemplarily compiles the FC M(T) curves of the
first three standard sequences of the Co:ZnO sample which
fall on top of each other rather well. This result is of interest
as well because in the third sequence, the entire measurement
took more than 3 h longer than the other two FC curves. The
good agreement between the three FC curves demonstrates
that no time-dependent relaxations neither of the magnetic
field nor the magnetic specimen itself occur. It also proves
that the sample is always in thermal equilibrium even if a
rather quick ramp of 5 K/min is used. Obviously, the previ-
ously reported temperature drifts in old MPMS machines in
Ref. 17 are avoided in the present version of the magne-
tometer or the influence of the temperature drift on the
magnetic properties is negligible. Figure 10(d) enlarges the
three FC curves between 150 K and 300 K where the
nominal field of 10 mT has been used to correct the dia-
magnetic background. Small discrepancies are visible
which, however, can be removed by slightly varying the
assumed offset field. Since we already know that the offset
field has to be around 1.5 mT, the actual field has to be
about 8.5 mT. Figure 10(e) shows that it is sufficient to
vary the offset field by only 0.1 mT to yield coinciding FC
curves over the entire temperature range between 150 K
and 300 K within the noise level. Therefore, taking together
all presented results, we can conclude that the offset field

of this magnet at low magnetic fields around 10 mT is
(1:6+ 0:1) mT after the magnet has been at the full field of
5 T. Note that we refrained from repeating all the above
tests for the resulting offset field and its reproducibility for
lower maximum fields between 1 and 4 T. In case a specific
specimen shall be investigated, one can easily adopt the
preceding procedure for lower (or higher, if one, e.g., has
the MPMS XL7) maximum fields.

Turning back to the offset field above 1 T, we have
repeated the procedure in Fig. 10(b) for the M(H) curves at
300 K of the three full standard sequences of the Co:ZnO
and the two of the bare sapphire (not shown). It turns out
that for Co:ZnO, the assumed offset field to remove the resid-
ual M(H) curve is (11+ 1) mT, while for sapphire only
(6+ 1) mT are needed to yield zero magnetic response at
high magnetic fields, i.e., pure diamagnetic behavior. Given
the high reproducibility of the behavior of the offset fields in
general, this again corroborates that for Co:ZnO an additional
magnetic signal exists at 300 K. Since the residual M(H)
curves are highly reproducible [see inset of Fig. 9(a)], this
implies that also the behavior of the offset field is reproduc-
ible and can be taken into account to correct measured data
once it has been determined for a given magnet. In other
words, if the upper limit of the true offset field is 6+ 1 mT
as seen for sapphire, it has to be the same for Co:ZnO on
sapphire. However, since it is necessary to assume a larger
offset field for Co:ZnO of 11+ 1 mT, this indicates that one
has also eliminated a true ferromagnetic contribution beyond
the offset field in Fig. 10(b). Since the existence of a ferromag-
netic contribution was already indicated before [see Fig. 8(b)],
one can go ahead and try to separate the ferromagntic signal
of the Co:ZnO from the sapphire.

In turn, the results for sapphire suggest that the offset field
of the used magnetometer only ranges from (1:6+ 0:1) mT
at low fields below 10 mT to 6 mT at fields above 1 T
together with a transition regime between 30 mT and 1 T
which is, however, not investigated in more detail here. In
principle, one could repeat the procedure as shown in
Fig. 10(b) with an assumed offset field with varying size
and write a fitting sequence to turn the sapphire signal to
zero at all fields to get the full behavior of the true offset
field. Note that this assumes in contrast to Ref. 20 that sap-
phire is purely diamagnetic. We think that this assumption
is justified since we were never able to alter the residual
magnetic signal for sapphire by cleaning, etching, or cleav-
ing and also highly pure Si or GaAs were always exhibiting
similar residual hystereses. On the other hand, the proce-
dure described in the following will automatically remove
the influence of the offset field.

Finally, having established the high reproducibility of
the magnetometer from sequence to sequence as well as the
presence of an additional magnetic signal in Co:ZnO at 300
K, this signal can be extracted from the data. Figure 11
shows the M(H) curves for the bare sapphire and the Co:ZnO
film. The diamagnetic susceptibility determined from the
high-field M(H) slope has been taken to scale the magnetic
moment measured in the two data sets. The diamagnetic sus-
ceptibility is dominated by the sapphire (thickness of 0.5 mm
in contrast to 1 μm for the Co:ZnO film) so that the

FIG. 10. (a) Residual apparent hysteresis of Co:ZnO/sapphire at 300 K. (b)
Assumed offset field of 12.5 mT to bring the data to zero between 1 T and 5
T. (c) Three consecutive M(T) curves of the sequences in Fig. 9 under FC
conditions. (d) Enlargement of the behavior above 150 K assuming the
nominal field. (e) M(T) curves corrected by the offset field from Fig. 7.
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susceptibility is a measure for the volume (in fact, area for a
given substrate thickness) of the respective specimen. The
inset of Fig. 11 shows the direct difference of the two mea-
surements revealing a saturation moment of 7:5 � 10�7 emu
with a visible scatter, i e., accuracy of 3 � 10�7 emu so that
the signal to noise ratio is only slightly larger than 2.
Looking at the low field behavior, it turns out that within the
noise level there is no significant hysteresis visible (not
shown). It is, therefore, plausible to assume that this residual
signal is superparamagnetic in nature, i.e., a Langevin-type
anhysteretic M(H) curve at 300 K as reported for Co:ZnO
before.29 Turning to the absolute size of the signal, metallic
Co has a magnetic moment of 1.72 μB

9 while Co2þ in ZnO
has a moment of 3.4 μB,

31 the former being ferromagnetic, the
latter paramagnetic, i.e., strongly temperature dependent. One
Bohr magneton corresponds to 9:3 � 10�21 emu so that about
5 � 1013 metallic Co atoms contribute to the magnetic signal in
Fig. 11. Note that assuming only Co2þ as source of the mag-
netic signal, it would correspond to 2:5 � 1013 Co2þ ions. In
contrast, the total number of Co atoms/ions in the sample is
about 2 � 1017, which can be calculated from the Co content of
20%, the volume of the Co:ZnO film as well as molar mass
(81.38 g/mol) and density (5.606 g/cm3) of ZnO. This estimate
yields that a fraction of 0.03% of the total number of Co
atoms in the sample are present as metallic Co and contribute
to the signal in Fig. 11. In turn, 5 � 1013 metallic Co atoms are
of the order of a single atomic layer of Co. In that regard, the
amount of Co in the Co-rich two interface layers evidenced by
TEM27 would already be sufficient to account for the size of
the signal recorded by the SQUID at 300 K.

V. SUMMARY

We have presented a range of measurements using a
commercial MPMS-XL5 SQUID magnetometer to illustrate
how to extend these measurements to higher ultimate perfor-
mance. The history-dependent offset field of the supercon-
ducting magnet was characterized to be taken into account
for obtaining more realistic results for samples with low coer-
cive fields Hc or very low magnetic moments.

For Py, i.e., low coercive fields, one is in the regime
where the magnet needs to be reset and magnetic fields
higher than 10-30 mT shall be avoided. This assures that the
offset field remains below 0.1 mT and one can derive realistic
Hc values for Py. In contrast, in cases where the magnet had
been at its maximum field of 5 T, the offset field is at least
1:6+ 0:1 mT even at fields below 30 mT. Since, in all cases,
the offset field is antiparallel to the preceding high magnetic
field, this leads to an inverted hysteresis and misleading
apparent coercive fields [see Fig. 5(b)].

In cases where M(H) curves shall be traced over the entire
field range, the offset field cannot be avoided and separate low-
and high-field hystereses should be traced as for Fig. 5. In the
course of a full M(H) cycle, the offset field ranges from 1.6
mT at low fields below 30mT up to 6mT at high fields from
1 T to 5 T giving rise to residual M(H) curves for diamagnetic
substrates [see Figs. 10(a) and 11] which are inverted for para-
magnetic substrates (see Ref. 23). Such residual hystereses
stemming from the offset field of the superconducting magnet
limit the useful sensitivity of the SQUID magnetometer (see
Ref. 21). Finally, in cases of non-collinear situations between
M and H, like in hard-axes M(H) curves, the proper fitting
mode has to be taken into account (see Fig. 6).

It should be stressed again that the actual offset field and
its field dependence is determined by the actual magnet so
that the quantitative results presented here can be different
for other machines; this is particularly true for the high field
behavior (see Ref. 23), where the high field offset field of the
Warsaw SQUID is found to be not linear with the previously
applied maximum field. The individual behavior of each
magnet depends on its history since the residual flux is often
pinned at defects and events in the past such as frequent
quenches of the magnet (but also too frequent magnet resets)
may influence the behavior and also lead to changes with
time for a given magnet. It is, therefore, important to have
easy-to-handle tests like the ones presented here to determine
the actual behavior of the magnet from time to time if mea-
surements at the performance limit are to be carried out.

Once the offset field for a given magnetometer is charac-
terized, e.g., by a simple procedure as in Figs. 7 and 8, it can
be taken into account to correct the measured data. In the
present case, the measurements on the Py film in Fig. 5 cor-
roborate the size of the offset field independently. We have
demonstrated that the magnetometer offers a very high repro-
ducibility of the results (see Fig. 9) and time dependent
effects can be ruled out to some extent. In particular, deviat-
ing M(T) curves do not originate from a time dependent
relaxation of the (pinned) flux in the superconducting
magnet on time-scales up to several hours [see Fig. 10(c)].
The good reproducibility explicitly includes the size of the
offset field after large magnetic fields which was found to be
reproducible within 0.1 mT even if two M(H) and three M(T)
curves of a standard sequence have been measured
in-between [see Fig. 10(e)].

Having established all the above, one is well-prepared to
disentangle very small magnetic signals such as the ones
shown in Fig. 11 for 20% Co:ZnO from both the predominat-
ing diamagnetism from the sapphire substrate as well as from
most of the measurement artifacts stemming from the pinned

FIG. 11. Residual apparent hysteresis in the M(H) curves of Co:ZnO/sap-
phire (full squares) and bare sapphire (open circles) at 300 K. The inset
shows the direct difference of the two measurements revealing a residual sat-
uration magnetization Msat for Co:ZnO of about 7:5 � 10�7 emu.

161101-12 Buchner et al. J. Appl. Phys. 124, 161101 (2018)



residual flux in the superconducting magnet. This allows one
to extract from integral magnetometry magnetic signals corre-
sponding to about 5 � 1013 metallic Co atoms. In the present
case, this signal is attributed to two Co-rich and Zn-deficient
atomic layers right at the interface between Co:ZnO film and
sapphire substrate which was evidenced by tedious TEM
investigations in Ref. 27. Despite all efforts to correct for the
known artifacts of integral SQUID magnetometry, the result-
ing signal is, however, rather noisy and not much can be said
about the actual magnetic properties, which are presumably
superparamagnetic; nevertheless, the experiment in Fig. 8(b)
suggests a finite remanence of less than 1 � 10�7 emu for Co:
ZnO so also soft ferromagnetic behavior of these interfacial
layers is possible as well. Although no definite conclusions
can be drawn from the integral SQUID measurement alone,
the work presented here may still be useful for other SQUID
users to avoid several pitfalls in such types of magnetometry.
On the other hand, it is remarkable that one can trace down
the magnetic signal of only two atomic layers of a 1 μm thick
film which are otherwise only traceable with very detailed
and tedious TEM work. Vice versa, it demonstrates the very
high sensitivity of SQUID magnetometry, which, however,
requires careful correction of several possible artifacts. While
the actual origin of such small magnetic signals can only be
given by careful additional characterization like in Ref. 27,
the relative ease and ultimate sensitivity of magnetic charac-
terization relying on SQUID magnetometry already gives the
first evidence that more in-depth characterization is required.

Finally, the reader shall be aware that the focus of this
Tutorial is rather narrow. The main emphasis is put on arti-
facts related to trapped flux in the superconducting magnet
from the perspective of people working in the field of nano-
magnetism and spintronics, i.e., the SQUID is challenged by
low moment samples (on large diamagnetic backgrounds) or
low coercive fields. Other potential pitfalls have been already
discussed elsewhere in sufficient detail, e.g., the issues
related to the fitting routine in Refs. 16, 18, 19, and 23 or
improper sample handling and mounting in Refs. 21 and 22.
Also for the underlying physics of SQUIDs, the reader shall
be again referred to a comprehensive review.8

Note added in proof. Very recently a very instructive
article about how to increase the sensitivity of SQUID mag-
netomery by intruducing a compensating sample holder has
been put onto the arXiv:1809.02346.
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