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Abstract. Virtual additive magnetic moment was observed on a series of YBaCuO
thin films in an external field perpendicular to the film plane: magnetic hysteresis
loops measured by a PAR 155 vibrating sample magnetometer up to fields of £2 T
were symmetrical at high field sweep rates, whereas at low sweep rates they
exhibited a large additive offset of the reversible magnetic moment. This effect
increased particularly at high fields and it was especially noticeable at intermediate
temperatures, typically between 40 and 65 K. We identified this phenomenon as an
artefact originating from vibrations of a sample possessing a high differential
susceptibility in a slightly inhomogeneous bias field. This undesirable effect is quite
general and it can be generated in any type of VSM with even very slight
inhomogeneity of magnetic field. It can however, be found only on laterally large,
thin samples with a high differential susceptibility (typically thin films). Experimental
results are consistently explained by the proposed model. We present expressions
which enable us to estimate this effect from the differential susceptibility of the
sample and known inhomogeneity of the bias magnetic field.

1. Introduction MHL measured on several thin YBG@usO7_s films

at low sweep rates were not only narrower, but they
Measurement of induced magnetic moment in superconduc-also exhibited anomalous additive reversible moment, i.e.
tors is a widely used method for the study of critical currents they were shifted at high positive fields towards positive
[1]. Magnetic measurements are very frequently performed moment values and at high negative fields towards negative
on vibrating sample magnetometers (VSM) which enable moment values [10]. Measurements at larger sweep rates
rapid measurement of magnetic moment in the regimes of did not exhibit such an offset. This peculiar behaviour was
both constant and sweeping field [2-5]. In the study of particularly evident at intermediate temperatures (40-65 K).
superconductors the former regime corresponds to the condf we assume that the ‘real’ reversible moment in our thin
ventional relaxation experiment, the latter one to measure-films is negligible and the observed shift of MHL recorded
ments of magnetic hysteresis loops (MHL). The amplitude by VSM is due to some additive virtual momenmt,; we
of sample vibrations is small (typically a few tenths of a have to start to distinguish strictly between the real moment
millimetre) and the effect of sample translations during the existing in the sample and that obtained as output from the
measurement can usually be neglected. magnetometer. Throughout all this paper we will denote

The finite height of the MHL ¢ — m ™), wherem™ the former asn and the latter as:,,.

and m~ are the moment values on the descending and It is interesting to note that some spurious signals due
ascending field branch, respectively, of the MHL, is a result to inhomogeneity of bias magnetic fields during the sample
of an equilibrium between induction of critical currents by scan have also been observed during measurements of
a change of external magnetic field and the simultaneousinduced magnetic moments of superconductors performed
relaxation of the induced current due to thermal activation. on SQUID magnetometers with a moving sample (for
Therefore, shape of the MHL strongly depends on the value example the Quantum Design MPMS [11]). These effects

of the field sweep rat® [6-9]. MHL is narrow at lowR have been discussed in detail in [12, 13].
and wide at highk. In most superconducting thin films the The aim of this paper is detailed experimental
reversible magnetic moment definedms= (m*+m™)/2 description and theoretical explanation of the virtual

is negligible and MHL is, therefore, nearly symmetrical additive momentn,;, = (m} + m;,)/2 recorded by VSM
with respect to the field axis, irrespective of the field sweep and formulation of the criteria when this virtual additive
rate. moment appears.
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Figure 1. Schematic view of the 11” magnet pole tips (1)
with the sample (3) centred between pick-up coils (4). The

sample holder (2) with the sample vibrates with frequency
wy /27 =82 Hz and with amplitude a, ~ 0.2 mm inside a
helium cryostat (5). The sample position is characterized
by the coordinate z along the sample holder. The optimum
sample position is in the geometrical centre of the pick-up
coils which should be also identical with the geometrical
centre of the magnet poles. The range of the investigated
sample positions from the centre of the pick-up coils is
marked by arrows. All dimensions are scaled as indicated
at the upper part of the figure.

Figure 2. Magnetic moment value m,, recorded by the
magnetometer in a sweeping external magnetic field B,
(i.e. the magnetic hysteresis loops (MHL)) measured on
sample A at 60 K at various rates of field sweep between
89 and 0.08 mT s~*. B, was perpendicular to the film
plane. Besides the upper (mj,) and lower (m;;) branch of
the MHL the values of my; = (m}, + m;,)/2 are also
2. Experiment indicated. MHL recorded with high sweep rates
(> 30 mT s~ %) are nearly symmetrical with respect to the

Magnetic hysteresis loops analysed in this paper were field axis at all temperatures; MHL at slow sweep rates
measured on two samples of YE2zO;_s thin films (<1 mT s™) are shifted to the positive moment values.
prepared by magnetron sputtering on yttrium-stabilized This effect considerably increases in high fields. Similar

- - . o MHLs measured on sample B at 65 K exhibit even more
ZrO, with (100) orientation (sample A) and on SrE@ith pronounced positive offset at slow sweep rates.
(100) orientation (sample B). The thickness of both samples
was 200-300 nm, and the lateral dimensions 5 mn?.
All measurements were done with the external magnetic NOn-commercial sweep unit using a temperature-stabilized

field perpendicular to the film plane (i.e. along thaxis). calibrated Hall sensor in a field regulation circuit which
We used a Princeton Applied Research VSM, allows measurements at constant field sweep rates ranging

model 155, with sample vibration frequeney,/2r = from 90 mT s to 60 uT s,

82 Hz and amplituder, ~ 0.2 mm [5]. Four signal pick- Magnetic moment valuesm,, recorded by the

up coils are geometrically centred between magnet pole magnetometer in sweeping external magnetic figldi.e.
faces (see figure 1) to record the magnetic moment inthe MHLs) measured with high sweep rates (typically
the direction perpendicular to the sample vibrations. The R > 30 mT s) were symmetrical with respect to the
distance between them is 25.4 mm. The optimum samplefield axis (m,, + m, ~ 0). However, the MHLs
position is in the geometrical centre of the signal pick-up measured at slow sweep rateR (< 1 mT s*) were
coils (the saddle point); these are mounted in such a positionat intermediate temperatures (typically between 40 and
as to be symmetrically centred with the magnet poles. The 65 K) at high positive fields considerably shifted to
d.c. voltage output from the original VSM electronics (the positive moment valuesn(} + m, > 0, see figure 2).
lock-in amplifier) is recorded by a Keithley 2001 multimeter To recognize the mechanism responsible for the additive
and processed by a PC 486 computer. The magneticmoment we performed a series of experiments under
field is produced by a conventional Newport Instruments different conditions.

11” electromagnet with the magnet power supply C904 The typical sweep rate dependence aof,, =
operating up tat2 T. The power supply is controlled by a  (m}, + m;,)/2 measured on sample A at three different
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Figure 3. The dependence of m; = (m;, + m;)/2 on the -1 L\ -
field sweep rate R = 9B,/dt measured on sample A at I
three different temperatures. m;, and m,, are magnetic 2r y
moment values at B, = 1.8 T obtained from the upper and — 3
lower branches of MHLs measured by VSM with various R. = 0T ]
my;; increases considerably with decreasing R at E 4k —0— 1T i
temperatures of 40 and 50 K but it stays close to zero at P~
70 K for any value of R. w0 -5} —a— 17T .
P —o— 1.8T ]
temperatures and evaluated in the external fele= 1.8 T sl —eo— 1.9T
is presented in figure 3. We can see tha}, is close to zero I . . . L ’ o
at sweep rates higher than about 30 mT but increases -20 -10 0 10 20
considerably with decreasing. At aboutR < 1 mT st position z [mm]
the dependence:,;,(R) nearly saturates at a maximum
value. Figure 3 also shows that,,(R) stays atT = 70 K Figure 5. Difference of the local and maximum external

close to zero (MHL is symmetrical) for any measured value Magnetic field B8 = Be(2) — Be(2) as a function of z for

of R. It illustrates the effect of temperature. Increase Jiff€rent maximum external fields Be(z) = 1-1.9 T.

of temperature to about 70 K and higher leads to a rapid

reduction of the additive apparent moment. away from this magnetic centre it considerably increases
To specify the effect of the sample position we have with increasing bias field. This points to the importance of

measured sets of MHLs at different vertical distances of field inhomogeneity in the investigated effect.

the sample from the centre of the signal pick-up coil set The local bias field value as a function of the vertical

(parallel to the vibration direction). The sample was moved position z was measured using a small Hall probe. The

within a 12 mm range around the geometrical centre of relative variations of the local magnetic field a 1 cni

the pick-up coils fixed at the geometrical axis of magnet volume around the centre of the signal pick-up coil set

poles. This distance is about half of the distance betweenobtained from these measurements are 0.65, 1, 1.4, and

the pick-up coils. Then,;.(z) values for sample B plotted 2.2 x 10* for B,(z = 0) = 1, 1.7, 1.8 and 1.9 T,

as a function of the sample positian are presented in  respectively.

figure 4. These measurements were performdd-at60 K The dependencs, (z) is illustrated in figure 5 for two

and the sweep rat® = 0.88 mT s%, i.e. at conditions values of the nominal magnetic fieldl.(z = 0) = 1 and

under whichm,;, can be clearly observed. We present our 1.9 T. Due to enhanced stray fields the local magnetic

results in such a coordinate system that the postien0 field is considerably less homogeneous at high field values

corresponds to the saddle point (the geometrical centre ofthan at low ones. One can also see that the highest

the pick-up coils). We can see a strong (approximately homogeneity of the bias magnetic field is also at the position

parabolic) dependence of,;, on z. The lowest value of z = zg >~ —2.7 mm. In other words, the bias field axis is

my;, is for different external fields at abogt>~ —2.7 mm. shifted from the geometrical axis of the magnet poles by

Even this value ofn,;, is, however, non-zero. At positions about 2.7 mm.
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Comparison of figures 4 and 5 indicates that the additive
offset ofm,;, is related to the magnetic field inhomogeneity:
(i) the lowestn,;, is at the place of the highest homogeneity
of the bias magnetic field; (ii) the changes =f,, are
larger at higher fields where magnetic field is less uniform;
and (iii) them,;,(z) dependence is qualitatively similar to
3B(z) = B.(2) — B.(z0).

The distance ~ —2.7 mm is very small compared with
dimensions of the 1lelectromagnet core but, in spite of

that, we show in this paper that it may cause, under special

conditions, a measurable spurious additive moment.

3. Model and discussion

Virtual additive moments on superconducting thin films

relation betweem: ;. and non-uniformity of local magnetic
field.

The instantaneous position of a small (point-like)
sample characterized by the co-ordinatalong the sample
vibrations changes with time as

z(1) = (z) + a, COYwy1)

1)

where(z) is the sample position averaged over the vibration
cycle, a, andw, are the (small) amplitude and frequency
of vibrations respectively, and is time. In our VSM
a, ~ 0.2 mm andw, = 515 s so that the maximum
sample velocity during vibrations is about 0.1 m's

The magnetic fluxb generated in the pick-up coils by
the magnetic momemt of the sample depends enand on

In magnetic measurements of superconducting samplesthe actual sample positian We assume well compensated

magnetic moment: is induced by a change of the external
magnetic field. Sensitivity of the magnetic moment to
changes of magnetic fielB, is usually characterized by the
differential susceptibilityyo defined asyo = wo(Am/(B.)

in the regime of small reversible changes mf The
value of xo is determined by the volume screened by
induced currents in the sample which is approximately
given by the sphere with a diameter equal to the effective
lateral dimension of the sample. It means thatis a
geometrical factor and it will not depend (at least in the
first approximation) on field and temperature. Its value is
practically identical with the initial (virgin) susceptibility in
small fields [6, 7].

In bulk superconductorswith all outer dimensions
comparable, the screened volume is typically not very
different from the sample volume. Consequently, the
induced magnetic moment of the sample (proportional to
the sample volume) is relatively large, the penetration field
(proportional to the moment) is also large and, therefore,
the magnetic field chandgsB, necessary for the full reversal
of the induced magnetic moment is also large.

In thin films magnetized along the-axis (normal to
the film plane) the screened volume is approximately given
by the sphere with a diameter equal to the effective lateral
dimension of the thin film sample. Such a volume is several
orders of magnitude higher than the sample volume (for
our purpose ‘thin film’ means that one sample dimension
is much smaller than other two dimensions). The induced
magnetic moment is relatively low as is the penetration
field. On the other hand, differential susceptibility is
high and even a slight change of magnetic field can
cause a full reversal of the induced magnetic moment.
Differential susceptibility for our samples was determined
experimentally in both cases to bg| ~ 65 mn? while the
volume of the samples is typically four orders of magnitude

pick-up coils with® = 0 for a sample at = 0. The sample
position atz = 0 is the saddle point [5] which is close to
but not necessarily identical with the magnetic axis of the
magnet poles. If the pick-up coils are far enough from the
vibrating sample (the present case) we can simply express
the magnetic flux in them using the first two non-zero terms
of the Taylor expansion as

@)

whereG; andg; are constants depending on the geometry
of the signal pick-up coils and is given by (1). The
magnetic momeniz,,, recorded by VSM is proportional to
the harmonic componentdd, /d: with frequencyw, and a
proper phase of the voltagebddr induced in the pick-up
coils. The time-independent component of the fibxand
other components changing with frequencies other than
do not contribute to the signal detected by the VSM.

The highest value of d/dr is for a sample vibrating
in the geometrical centre of the pick-up coils (the saddle
point). Assuming first that the magnetic moment of a
sample does not change during sample vibratioms=
mop, (the typical case is for a saturated ferromagnetic
sample) we get from (2) that the moment reading of
the magnetometer depends on the mean positionas
m,((z)) = mo(1 — 3g1(z)?), where(x) = 0 is the position
of the saddle point where the VSM output is properly
calibrated to the known standard moment = mg (of an
Ni sphere). The parameter characterizes the geometry
of the pick-up coils. The value; = 0.0016 mnt?
characterizing our VSM was obtained from a fit of the
(nearly parabolic) experimental dependemeg((z)) (see
figure 6) measured using a small spherical Ni sample
made from a rod of pure nickel provided by the VSM
manufacturer.

In superconductors a magnetic momemtis due to

®(m, z) = mG1(z — g12°)

smaller. A magnetic field change even smaller than 1 mT currents induced by a change of external field. Due to
is often large enough to reverse the induced currents in athe high differential susceptibility of superconductors, in
large part of the thin film. This fact is essential to explain particular of superconducting films, the moments very

the observed properties of the additional magnetic momentsensitive to even small variations of local magnetic field
with time and therefore it is also in genenmabt constant
during vibrations in a VSM. The induced magnetic moment
m of a superconducting sample consists of two parts: one
practically time-independent moment, resulting from the
constant sweep of the (homogeneous) bias field and the

My -

According to figure 3m,;, saturates at the field sweep
rate R lower than about 1 mT2. This saturation value
of m,;, can be recorded even at constd@t We will first
discuss the case of constaByt, i.e. R = 0, and deduce the

817



L Plst et al

inhomogeneous magnetic field. The differential suscepti-

1.00 F ‘;. 4 bility xo is always negative and the gradién®,(z)/dz of
P - the local external field generated by the conventional mag-
095 pd i net has an opposite sign from the field. Therefarg. in
R our set-up is always of the same sign as the external field.
s P If we know (from independent measurements) the value
\E 0.90 1 of the field gradienvB.(z)/dz, m,; calculated according
8 ‘/ to (6) can be compared with the experimental data. As
0.85} . an examplep B.(z)/dz = —0.20 mT mnT? for B,(z0) =
19 T atz = +5 mm (see figure 5). Using (6) we obtain
0.80 F ‘/ _ my, = 4.9 x 107> A m? while the experimental value
' . , ‘ . ] evaluated from hysteresis loops i©93% 10°5 A m?. This
6 4 2 0 2 4 value is in good agreement with it considering that the
position z [mm] calculation was done under the assumption of the point-
like sample.
Figure 6. The variation of the normalized VSM output The sample placed out of the geometrical centre of the
mp,/mo obtained with a ferromagnetic sample (Ni) placed at pick-up coils(z # 0) induces a lower signald/dr because
different distances z from the centre of the signal pick-up less stray flux from the sample crosses the windings of

coils. The best quadratic fit (broken curve) corresponds to

g1 = 0.0016 mm-2 according to equation (5). the pick-up coils. The slight non-uniformity of the bias

magnetic field along the direction can be approximated
by a quadratic dependence (see figure 5) as

a.c. component due to vibrations around positiphin a

slightly non-uniform magnetic field B.(z) = B.(z0) — v(z — 20)> @)

JdB,
m=mo+ ﬁ (@)
Ko

(z(t) — (z)) ©) wherey is a constant characterizing the field inhomogene-
0z ity. In electromagnety increases considerably with in-
creasing magnetic fiel®,(zo) and has the same sign with
it. Assuming only a small oscillation amplitude the field
gradientd B.(z)/dz can be approximated as

where o is the differential susceptibility discussed above.
Using equations (1), (2) and (3) we get the time-dependent
flux @, in the pick-up coils changing with frequenay, as

@,(1) = G1a, COYw,1) IB.((z))/0z ~ =2y ({z) — z0). 8

2, , XodBe(z) 2
x <m°(1_3g1<z> H’% a2 ()= 2(x)9 ). By substituting (8) into (6) we can express the spatial

4) dependence afi,;, in the form

The moment valuen,, recorded by the VSM reads s ((2)) = 29 (—x0/ 10) (2) ((2) — 20) (1 — gl<Z>2)~ ©)

m = 1-3 2 vir 5 . . . ..
mm((2)) = mo 81{2)%) + muir ((2) ®) Equation (9) includes implicitly the dependence of the

where virtual additive moment on bias fieldu,;, is proportional
0 9B.(2) to y which is of the same sign aB.(zp) and increases

muir((2) = = —"=(2)(L - g1(2)?). (6) considerably with increasing value @, (zo). Therefore,

Mo 9z Imy:,| increases considerably witt, (zo)|, too. According

myr is the component ofn,, which is proportional ~ to (9) m.;, depends parabolically oxe) and is always
to the field gradient, i.e. it is equal to zero if the sample positive in positive fields except for very narrow range of

vibrates in a perfectly homogeneous fiebd3, (z)/dz = 0. (z) between 0 and, where, howeverm,;,. is close to
It is an artefact of the magnetometer. For smallwe zero. For small enougly; and zo we can write simply
can write simplym,;, ~ (xo/mo)(dBe(z)/dz)(z). The My = 2y (— X0/ o) (2)?.

virtual additive momenin,;. does not depend omg but As shown in figure 5,z ~ —27 mm, i.e. that

is proportional xo. This means thain,;, may become  the maximum homogeneity of the field is shifted by
considerable only for samples with relatively high This 2.7 mm out of the geometrical axis of magnet poles. This
is typically the case of thin films in a magnetic field difference is small compared with the dimensions of the
perpendicular to the film plane where the sample volume 11" electromagnet core, but even such a small shift may
is several orders of magnitude smaller (lawg) than the under appropriate conditions cause a measurable spurious
screened volume (larggy). In ceramic and bulk single- additive moment signal.
crystalline superconductors the sample volume and the  Using (9) we can estimate,;, (see figure 4) from the
volume screened by the induced currents flowing in the actual non-uniformity of magnetic field in the magnet (see
sample are usually comparablg; is relatively small and figure 5). The experimental dependences B{z) fitted by
my; is, therefore, negligible. (8) give the values ofy equal to 7.06 and 180 T n?
Recording ofn,, by a vibrating sample magnetometer for B.(zo) equal to 1.7 and 1.9 T, respectively. Using
is a natural consequence of vibrations of the superconduct-yg = —65 mn? we obtain for the sams, (zo) the values of
ing sample having a high differential susceptibility in an the coefficient 2 (xo/1o) in (9) equal to 0.73 and 1.50 A

818



Virtual additive moments on superconducting thin films

non-uniform field. Figure 7 shows the difference between

3'5_ L L L situations when the (slightly non-uniform) field is swept
30k 4 slowly and rapidly.
1 In the case of aslowly sweeping field(the curve
2.5} ] labelled as 2 in figure 7) the magnitude of the variations
= a0k i of the local field experienced by the sammg, caused
E by sample vibrations in the non-uniform field is large
g L5F y compared with the field sweep rate. Consequent small field
8 1ok ] reversals cause (due to high differential susceptibifigy
2 ] considerable variations of induced moment with frequency
0.5 . of sample vibrationsw, and appearance of the additive
00; /\%1/\/\/ ] moment described by the equations (6) and (9).
R T S R R S S S, In contrast to that, at high field sweep rates reversals of
0 10 20 30 40 S0 60 70 80 90 100 the local magnetic fields;,. are suppressed by fast ramp
Time [s] of B, (the curve labelled as 1 in figure 7) and the magnetic
field B,,. experienced by the sample is (nearly) monotonic
Figure 7. Schematic time dependence of local magnetic with time. Therefore, magnetic moment practically does
field experienced by the sample vibrating in a slightly not change during sample vibrations and, consequently, the
non-uniform field sweeping with low (2) and high (1) field additive virtual moment is not observed.

sweep rate R. In the sweeping field the magnetic moment

changes extensively according to Am/AB, = xo/jto only We will estimate the threshold value of the field sweep

due to (small) field reversals. However, magnitude of such rate R for which the field reversals due to sample vibrations
field reversals depends on the field sweep rate R. At high are just completely suppressed. The rate of change of the
R the local field experienced by the vibrating sample local magnetic field) B;,.(z)/3t experienced by a vibrating
changes monotonically and the moment is nearly constant sample is

while at low R the local field exhibits considerable field

reversals and the moment recorded by VSM exhibits the 3 B1oe(2) 3z 9B,(2) 3B, (2)

additional component m,; given by equations (6) and (9). = R + a,w, Sin(w,1) .
z
(10)

The harmonic part of the expression becomes negligible

at at 0z

respectively. By fitting then,;, (z) dependences in figure 4

: if |R| > a,w,|0B.(z)/9z]. When dBy,.(z)/dt does not
by parabolic dependence we equal to 0.25 :
a%dpo 46 A forpthe same mggirlg?éﬁ?éld&zg) The change sign, the sample does not feel any field reversals,

experimental values are reasonably close to the calculatea‘:i‘nd magnetic moment practically does not change during

ones considering that finite sample dimensions were not eld sweep. Qons_equently, no addltlo_nal momenf, 1S
taken into account. observed. Taking into account quadratic dependdhce)

According to equation (9) the additive virtual moment (equation (7)), the range of sample positids for which

should be zero when the sample vibrates around the positionm”” is negligible for the given field sweep raf can be

with the highest field homogeneity, i.e. around= zo.  csumated as

However, the value ofu,,;, ~ (m;} +m;)/2 measured on IR| > 2|yla,wy|(z) — zol. (11)
MHL is slightly non-zero even at = zo (see figure 4).

This can be explained by finite dimensions of the sample: Equation (11) implies that,,;, is equal to zero for any
up to now we considered a point-like sample. However, the g when a point-like sample is exactly at the positign
experimental results presented in this paper were obtainedHowever, for a sample with finite dimensions this condition
on thin films with dimensions % 5 mm. Such a sample  has to be applied to all parts of the sample. Therefore,
size is reasonably small with respect to dimensions of the the samples larger thaiR|/(|y|a,w,), We observe an
pick-up coils [5] but it is large enough to experience a additional momenin,;, even when the sample is centred
measurable difference in local field at the outer parts of the precisely at(z) = zo.

sample even when centre of the sample is exactly-atz. In our casea,w, ~ 0.1 m s, sample size is 5 mm
We can therefore expect for the sample with large lateral andy = 2.59 and 145 T n? for B,(zo) = 1 and 1.9 T
dimensions a finite value of:,;, even when the sample is  respectively. FoiB,(z0) = 1 and 1.9 T the virtual additive

centred properly at = zo. moment is significant folR| < 1.3 and 725 mT s,

All considerations has been made so far without taking respectively, which is in reasonable agreement with our
into account effect of the field sweep rate, i.e. #®r= 0. experiment.
Experiments show, however, that,;, is a strong function In figure 3 we can see a significant changenof;,

of R: m,, decreases to zero with increasim® (see with temperature. This dependence does not follow directly
figure 3). Explanation follows from the schematic diagram from the above considerations, but it can be explained by
in figure 7: there are two time-dependent components of decrease of the differential susceptibility closeTto All

the magnetic field experienced by the sample vibrating in considerations have been made so far assuming large vortex
the sweeping, slightly non-uniform field: (i) the bias field pinning so that all field variations due to sample vibrations
changing linearly with time with the sweep rafe and are much smaller than the penetration field [1]. It is valid
(i) the field component caused by sample vibrations in the in a wide temperature range except closeTto At low
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temperatures the size of MHL (i.e. the magnitudeng) (i) The MHLs recorded on thin superconducting films
is large due to large vortex pinning. The effect of finite sometimes exhibit in the intermediate temperature range an
my;, (given by equations (6) and (9)) on the shape of large additional virtual momentz,;, which shifts the reversible
MHL is relatively small (compare with equation (5)). In  momentn* +m™)/2 to positive values in positive external
the medium range of temperatures (typically 50—65 K) size fields and to negative values in negative external fields.

of MHL becomes comparable with the magnitudenof, Under special circumstances the magnitude ngf, is
and large qualitative changes in the shape of MHL (see comparable with even larger than the size of MHL.
figure 2) can be therefore observed. (i) The lowestm,;. is obtained when the sample is

The magnitude of the virtual additive moment decreases centred at the place with the highest field homogeneity.
considerably when the temperature approacligs(see The value ofm,;, considerably increases in high magnetic
for example, figure 3). We believe that this is caused fields where the conventional electromagnet used in the
by enhanced thermal activation of vortices which leads experiment is close to saturation and the magnetic field
to weak vortex pinning, vortices move in the sample becomes more non-uniform.
much more freely and the superconductor is capable of (i) m,;, is close to zero for large sweep rates (typically
carrying only small currents. Therefore, the value of |R| > 30 mT s!) and saturates to a constant value at the
differential susceptibilityyo at temperatures close ® is field sweep rates as slow &B| ~ 1 mT s%. This value
significantly reduced and the response to small variations of m,;, can also be recorded at constadit
of local magnetic field is considerably smaller than at lower (iv) m,;, decreases considerably when the temperature
temperatures. Consequently, according to equation (6), weapproached...

can also expect at higher temperatures much smallgr, ) .
as was also observed experimentally. We propose the following explanation of the above

The above model accounts for the appearance of €xPerimental findings:

the additive positive moment,;, observed only on the (i) The value of the signal recorded by VSM on
VSM [5] measuring magnetic moment in the direction syperconducting samples consists of two components: (i)
perpendicular to the sample vibrations. However, all our the magnetic moment:o induced by sweep of the bias
model considerations are quite general and apply afterfie|d, modified only by the position of the vibrating sample
minor modifications for another types of VSM as well, ith respect to the signal pick-up coils according to (5),
for example using the geometry of the signal pick-up coils gpq (i) the spurious additional virtual moment,;,. given

with their axis along the sample oscillations (mainly used in by (6) and (9) caused by vibrations of a superconducting
superconducting magnets). The authors believe that similargample in an inhomogeneous magnetic field.

spurious effects might affect measurements of magnetic (i) The magnitude of the virtual moment,;, is
moment on any VSM with a magnetic moment measured pyoportional to the differential susceptibility, and the

in the d|rect_|on_ as perpendlculqr as well as parallel to the inhomogeneity of the local magnetic fiedd, (z)/8z, but it
sample oscillations. The magnitude of such an effect can yoes not depend directly on the magnitude of the magnetic
also be estimated using equations (6), (9), (10) and (11). momentmo.

We note that the virtual additive moment described (iii) m,; decreases with increasing field sweep rate and
abqve is to some extent similar to the paramagnet_lc is negligible at the sweep raté| > a,w,|dB.(z)/3z|.
Meissner effect (PME) observed recently at low magnetic ) The discussed spurious effect and its explanation
fields on some ceramic superconductors BiSrCaCuO [13—,., quite general and apply to measurements of laterally

15] and other materials [16,17]. When the magnetic |5ge superconducting samples on any VSM equipped with
moment of a thin film is measured under conditions similar pick-up coils parallel as well as perpendicular to the

to cond?tiops discqssed in this paper ata copstant eXt?rnaldirection of sample oscillations.

magnetic field while temperature is decreasing, a positive

moment appears beloW, similar to the typical PME

experiments. The only apparent difference is that the ‘real’ Acknowledgments
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persistence of the giant vortex state with the fixed orbital

guantum number [18]. However, the virtual additive

moment discussed in this paper is caused only by specific

experimental conditions and ha_s npthing to do with physical [1] Senoussi S 1992. Physique2 1041
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