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     The evolution of magnetic moment as a function of the applied magnetic field for a 

superconducting material is usually described by the so-called Bean model. We show here that this 

model fails to explain the magnetic response of conventional type-II superconductor films to a 

field applied perpendicular to the film plane, when their thickness is below 100 nm. More 

precisely, after zero-field cooling below the critical temperature, a positive moment forms in 

ascending field and an increasing negative moment develops when sweeping the field back to zero. 

We infer that such an inverted loop behavior in the case of low thickness films originates from a 

combination of low pinning, large penetration depth and large edge demagnetization field. From 

relaxation experiments, we demonstrate that the magnetic states along the inverted moment versus 

field loop are stable equilibrium states. Our findings provide some hints to further understand the 

High-Field Paramagnetic Meissner Effect (HFPME) reported in thin films and prove that field-

cooling is not required to produce a paramagnetic-like response.   

 

 

I. INTRODUCTION 

 

         Isothermal diamagnetic response to an external 

magnetic field (H), due to Meissner currents, is a 

macroscopic signature of superconductivity. Below their 

critical temperature (Tc) and above their first critical field 

(Hc1), type-II superconductors host vortices (i.e., normal 

regions allowing the penetration of a magnetic flux 

quantum Φ0 = h/2e), which reduces the Meissner 

diamagnetic signal until full cancellation at the second 

critical field (Hc2), where the superconductor turns to 

normal state. Therefore, the macroscopic magnetic 

moment (M) of a superconductor is a good probe of the 

mixed-state of type-II superconductor and vortex lattice 

phases [1,2]. In contrast to this typical diamagnetic 

response, a paramagnetic response, consecutive to field-

cooling, from above to below Tc, was also reported in a 

wide range of superconductors [3-12]. This is commonly 

referred to as “Paramagnetic Meissner effect” (PME) 

which are of two types. Low-Field PME (LFPME) 

consists in the appearance of a “paramagnetic” signal 

whose magnitude is maximum for the smallest cooling-

field magnitude in Meissner state from µT to mT range 

[3,4]. Most often observed in granular bulk 

superconductors, this phenomenon is explained by an 

inhomogeneous superconducting transition through an 

inhomogeneous cooling. A further cooling down then 

compresses the trapped magnetic flux in the lower-Tc 

regions and produces a non-equilibrium net paramagnetic 

moment [5,6]. High-Field PME (HFPME) consists in the 

monotonic increase of the magnetic moment from 

diamagnetic to “paramagnetic” as the sample is cooled 

down in the mixed state under a magnetic field in the range 

of few mT up to few Tesla [7-10]. Contrary to LFPME, 

the HFPME is more intense for larger fields. For bulk 

samples, it was speculated that, when the temperature is 

reduced below Tc in the presence of high magnetic fields, 

flux lines are inhomogeneously trapped and then creep 

towards pinning centers like dislocations, local variations 

of alloy concentration or non-superconductive grains [7, 

9-12]. Similar observations have been also made for 65 nm 

and 95 nm thick Nb films without such inhomogeneous 

strong pinning centers [8], so that other parameters may 

also promote HFPME. The impact of the sample shape on 

HFPME has been confirmed by Geim et al. in 2.5 m-

diameter and 100 nm-thick aluminum disks [13]. They 

demonstrated the presence of an unstable paramagnetic 

moment under increasing positive magnetic field, which 

they explain by the nucleation and compression of 

metastable multi-vortex state (or a single giant vortex 

carrying few Φ0) combined with edge-enhanced 

penetrating magnetic field due to the demagnetizing field 

of the thin disk. A deeper understanding of the parameters 

that influence HFPME would require additional 

isothermal M vs. H measurements for superconducting 

films with thicknesses below 100 nm, which are extremely 

rare in the literature.    
          In the present contribution, we report on the study 

of magnetic moment of thin films of various conventional 

type-II superconductors (MgB2, NbN, Nb and V) with 

thicknesses ranging from 100 nm down to 5 nm, as a 

function of applied magnetic field (H) and temperature 

(T). When H is applied perpendicular to the film plane, 

SQUID measurements reveal an inverted M vs. H loop as 

compared to typical curves for films thicker than 100 nm 

or bulk samples. We systematically analyzed the influence 

of film thickness (t) and T on the stability of the observed 

field-induced “paramagnetic-like” state and argue that 

these dependences pinpoint the role of low vortex pinning, 

geometry-enhanced London penetration length and thin 

film edge demagnetization fields. Overall, we demonstrate 

that HFPME features can be achieved without field-

cooling procedure and that isothermal creep processes 

explain moment relaxation previously used in the 

literature to characterize HFPME.  

 



I. EXPERIMENTAL DETAILS 

 

        Single crystal MgB2 films were deposited by 

Molecular Beam Epitaxy (MBE) under ultra-high vacuum 

on sapphire (0001) single-crystal substrates. A 5 nm thick 

epitaxial MgO (111) buffer layer was deposited prior to 

MgB2 in order to allow single crystal growth of MgB2 

[14]. The substrate temperature was maintained at 370 °C 

during growth. Mg was evaporated from a Knudsen cell at 

a 1 Å/s deposition rate while an electron gun was used for 

the B evaporation at a deposition rate of 0.1 Å/s. A 10 nm 

thick capping layer of gold or MgO protect the MgB2 layer 

against oxidation. We verified that the capping layer does 

not influence the magnetometry results (not shown here). 

The crystalline quality, epitaxial relationships, growth 

mode, chemical content and surface flatness were 

controlled in-situ by RHEED (reflection high energy 

electron diffraction) and X-ray photo-emission 

spectroscopy, as well as ex-situ by X-ray diffraction and 

transmission electron microscopy (see Fig. S1 in the 

supplementary materials [41]). Note that epitaxial V and 

epitaxial Nb thin films were also grown by MBE, as well 

as textured Nb and NbN films with thicknesses ranging 

from 5 to 30 nm, by sputtering technique on a silicon 

substrate with a Ta buffer (3 nm) and a Pt capping layer (2 

to 3 nm). These samples aim at proving that the obtained 

results can be generalized to all type-II superconductors. 

The magnetic characterizations were performed on 4.5 × 

4.5 mm2 samples using a commercial Quantum Design 

SQUID-VSM MPMS3 and PPMS9T mounted with a 

VSM-head. A negative linear slope due the diamagnetism 

of the sapphire substrate was systematically removed from 

all M vs H loops. The critical temperatures (Tc) of both 

MBE-grown MgB2 and sputtered Nb films were deduced 

from magnetometry data and confirmed by resistance 

measurements performed on a PPMS9T mounted with an 

electrical transport rod. Tc values as a function of MgB2 

and Nb film thickness are presented in Fig. S2 [41]. 

Especially, Tc of MgB2 only slightly increases from 30.5 

to 32.5 K for t ranging from 17 nm down to 91 nm, and 

decreases down to zero below 17 nm, in agreement with 

previous reports [15,16]. Multiple factors can explain the 

fact that Tc for our films remains lower than the MgB2 bulk 

one (39 K) [17]. Between 30 and 90 nm, Tc still slightly 

increases. By extrapolating this linear increase, 39K may 

be reached before 400 nm. We did not investigate such a 

thick film because of deposition method limits. Samples 

are capped with Au and thus they undergo a proximity 

effect which reduces Tc as compared to the intrinsic bulk 

value. Finally, evaporated and sputtered films on a 

substrate and capped with another layer, may carry a larger 

density of structural defects which can affect the electron 

mean free path, and so Tc, as compared to bulk material. 

Finally, evaporated and sputtered films, on a substrate and 

capped with another layer, may carry a larger density of 

structural defects which can affect the electron mean free 

path, and so Tc, as compared to bulk material. Using 

Ginzburg-Landau equation, we extracted from electrical 

transport and magnetometry measurements a typical 

coherence length at 0 K of 4.5 ± 0.5 nm for the MBE-

grown MgB2 films and 12 ± 1 nm for the sputtered Nb 

films, in good agreement with previous reports [18,19].    

 

 

II. RESULTS AND DISCUSSION 

 

        Fig. 1(a) shows the magnetic moment versus out-of-

plane magnetic field measured by SQUID-VSM at 4 K for 

a 91 nm thick MgB2 film (Tc = 32.5 K). The field sweeping 

rate is 1 mT/s. The red curve represents the first 

magnetization curve following the zero-field cooling 

(ZFC) procedure from 300 K down to 4 K. As expected, 

M = 0 at zero field after ZFC (point A in Fig. 1(a)). When 

increasing H, the moment becomes negative and decreases 

linearly. This diamagnetic behavior originates from edge 

Meissner currents that expel H from the superconducting 

film [1,2]. The linearity is observed until H reaches the so-

called penetration field (Hp), here about 1 mT, where 

positive moments are added to the pure diamagnetic signal 

(point B in Fig.1(a)). These additional positive moments 

arise from the nucleation of superconducting vortices that 

allow H to enter type-II superconductors [2]. Further 

increase of H leads to (i) a densification of the vortices 

lattice (depending on the vortex lattice stability and 

extrinsic features like pinning sites) and (ii) attenuation of 

the superconductive current due to field-induced depairing 

of Cooper-pairs. As a result, the negative moment 

magnitude decreases until it reaches zero at the so-called 

second critical field value (Hc2), at which the film turns 

fully to the normal state [2,20]. In Fig.1(a), Hc2 is not 

reached since its value is larger than the maximum field 

available in our magnetometer (point C). When the field is 

swept back to lower values, the vortices are partially 

expelled out of the sample through the edges. When H 

reaches zero (point D in Fig. 1(a)), the positive magnetic 

moment originates from vortices remained pinned mainly 

in the center of the sample. From this state, further field 

cycling provides a symmetric moment versus field loop 

[21,22]. Figure 1(b) (respectively (c)) shows the 

measurement sequence for the same sample but performed 

at 25 K (respectively 31 K), i.e., temperatures below but 

close to Tc. Considering the measurement done at 31 K, 

after ZFC (M = 0, point E), an increasing magnetic field 

applied perpendicularly to the sample film still produces 

firstly a diamagnetic moment due to Meissner effect. 

Then, when H overpasses Hp (point F at a field lower than 

1 mT), the negative moment magnitude decreases due to 

vortices entering the sample. Nevertheless, instead of 

reaching zero moment at Hc2 as at 4 K, the moment crosses 

first zero value for a field referred to as Hpos in the 

following, then reaches a positive maximum value at 

around 130 mT (point G) before decreasing down to zero 

at +Hc2 (point H). Subsequently, when H is reduced from 

above +Hc2, the moment becomes negative and its 

magnitude monotonically rises until reaching a maximum 

negative moment for a zero applied field (point I). Further 

field cycling going to above -Hc2 provides a symmetric 

moment versus field loop. Figure 1(b) presents the data 

obtained with the same procedure at 25 K. The M(H) loop 

is a mix between the 4 K bulk-like behavior, dominant for 



small applied magnetic fields, and the 31 K inverted 

behavior, dominant at higher fields. Interestingly, the 

inverted loops only occur when the external magnetic field 

is applied perpendicularly to the superconductive thin 

film. In Fig.1(d), moment vs. in-plane field loop obtained 

at 31 K shows bulk-like features. Our measurements show 

the influence of T, t and the orientation of the applied field 

on the paramagnetic phase. In the following we will 

analyze these three parameters in greater depth.  

 

 
 

Fig. 1. Magnetic moment (M) of a 91 nm thick MgB2 film as 

a function of the applied magnetic field out-of-plane for (a), 

(b) and (c) and in-plane for (d), measured at 4 K (a), 25 K (b) 

and 31 K (c,d). The red line is the first magnetization curve, 

measured immediately after zero-field cooling from above Tc. 

The black line is the following field loop from +7 T to -7 T 

and back to +7 T.  The external magnetic field is swept at 1 

mT/s. The arrows indicate the field sweep direction. Capital 

letters (A-I) are used in the text for description.   

 

In Fig. 2, state diagrams are built for MgB2 by 

plotting the crossing field Hpos extracted from the first 

magnetization ramp and Hc2 as a function of the reduced 

temperature T/Tc for different thicknesses. In Fig. 2(a) for 

t = 91nm, below 0.4 Tc, the sample behaves as a typical 

bulk superconductive sample. Above 0.8 Tc, the M(H) 

loop is fully inverted. And in between 0.4 Tc and 0.8 Tc, a 

transition from bulk-like to inverted occurs at Hpos. We can 

conclude that both high temperature (below Tc) and high 

field (below Hc2) favor the inverted magnetic state. The 

aspect ratio of the thin film being a source of discrepancy 

between films and bulk superconductors and between 

superconductive states produced by in-plane and out-of-

plane external fields [23,24], we analyzed the influence of 

the film thickness on the inverted regime. Magnetometry 

measurements were performed on two MgB2 films with t 

= 45 nm (Tc = 31.5 K) in Fig. 2(b) and t = 15 nm (Tc = 20 

K) in Fig. 2(c). For t =45 nm the same general trends and 

phase diagram as for t = 91 nm are observed. However, a 

pure bulk-like M(H) loop over the full field range is no 

longer observed, even for temperatures as low as 0.2 Tc. 

Additionally, the fully inverted cycle exists over a broader 

temperature range from Tc down to 0.6 Tc (see zoom in 

inset Fig. 2(c)). These two differences are confirmed and 

enhanced for the t = 15 nm for which only inverted loops 

are seen for the whole range of tested temperature. In Fig. 

2(d), the full inverted loop measured at 4 K for 15 nm thick 

film is plotted for comparison with Fig. 1(a) for t = 91 nm. 

At this stage, we can conclude that thin film as well as high 

temperatures and high magnetic fields promote inverted M 

vs H loops. Note that the observations reported here for 

MgB2 films are confirmed for other conventional 

superconductor films like epitaxial V, epitaxial Nb, 

textured Nb, textured NbN (see Fig. S6 [41]). Figure S3 

shows the case of sputtered Nb thin films with thicknesses 

ranging from 5 to 30 nm [41]. Besides we verified that the 

results do not depend on some specific field gradients 

inside the SQUID magnetometers [6], as demonstrated in 

Fig. S4 [41]. 

 

  
 

Fig. 2. Critical field Hc2 (black squares) and transition field 

Hpos (red circles) between negative and positive moment, 

extracted from the first field ramp after zero-field cooling, as 

a function of reduced temperature T/Tc for MgB2 films with 

thickness t = 91 nm (a), t = 45 nm (b) and t =15 nm (c). These 

phase diagrams highlight regions where the films have 

negative moment (bulk like) and positive moment (inverted). 

MgB2 is no longer superconducting in the normal region. The 

inset in (c) shows a zoom on linear temperature dependence 

of Hpos; (d) magnetic moment of a 15 nm thick MgB2 film as 

a function of out-of-plane magnetic field, measured at T = 4 

K. The red line is the first magnetization curve, measured 

immediately after zero-field cooling from above Tc. Inset of 

(d) is a scheme of the profile of perpendicular induction B as 

a function of position x near the edge of a thin film 

superconductor undergoing an increasing magnetic field H 

applied perpendicularly to the film, as presented in Ref. [26] 

for instance. 

 

The stability of the “paramagnetic-like” state, 

induced during the first field ramp, is further tested by 

moment relaxation measurements in a fixed magnetic field 

for t = 15 nm. As shown in Fig. 3(a), after ZFC, under a 

constant field of 100 mT, the moment relaxes 

exponentially with a characteristic time (τ) of 540 s 

towards a positive moment state while a constant field of 

40 mT provides slower relaxation time τ = 890 s and 

smaller relaxation amplitude (see fits in Fig. S5 [41]). 

Therefore, we can conclude that the processes involved 

during the first magnetization ramp is activated by H. We 



performed similar after-effect experiments from H > Hc2 

down to negative field. In Fig. 3(b), for a low sweeping 

rate of 1 mT/s, as H decreases from above Hc2, a negative 

moment rises and reaches its maximum near zero field. 

Modifying the field sweep rate up to 15 mT/s leads to a 

smaller negative, or even positive, moment (red curve in 

Fig. 3(b)). When stopping the field sweep at a selected 

value kept fixed afterwards (at about 0 mT, 100 mT and 

250 mT), M relaxes from the red curve down to the main 

hysteresis loop (black curve in Fig. 3(b)). This relaxation 

is exponential and the single relaxation time (τ) decreases, 

i.e., the relaxation is eased, when raising temperature 

and/or fixed field intensity and/or when reducing the film 

thickness (inset in Fig. 3(b)). Overall, these relaxation 

experiments demonstrate that the inverted state (including 

the positive moment state or “paramagnetic-like” state in 

ascending field) is a stable equilibrium state. 

Let us now consider how the film thickness can 

impact the magnetic response of superconductor thin film 

and lead to a positive moment in ascending field, at the 

opposite of the usual bulk superconductors diamagnetism. 

As theoretically studied in details in Ref. [25] and [26], the 

large demagnetization factor of thin film produces an 

enhanced value of the magnetic field in the penetrated 

region at the sample edge (see inset of Fig. 2(d)). Its 

maximum can reach Hedge = H√𝐿/𝑡 (with L the typical 

lateral dimension of the film). In other words, a 15 nm 

thick superconductor film with millimetric lateral 

dimensions experiences, in part of the penetrated region 

near the edges, a field up to several hundred times larger 

than H. One direct consequence is that the field required 

to transit from the Meissner state to the vortex state, i.e., 

the field required to nucleate the first vortices, is 

drastically reduced in a thin film as compared to the 

intrinsic critical field Hc1. Indeed, the penetration field Hp 

for a 15 nm thick MgB2 film at 4 K (Fig. 2(d)) is lower 

than 0.5 mT, whereas Hc1(0) = 110 mT has been carefully 

quantified in similar single crystalline MgB2 films with 

several microns thickness [27,28]. As already pointed out 

by Geim et al. [13], a second consequence of enhanced 

magnetic field at the edge is an additional paramagnetic 

signal to the magnetic moment of the superconductor film. 

Indeed, the SQUID magnetometer collects the whole 

magnetic flux located in the sample apart from the 

homogeneous external field H. A region of the sample 

where the magnetic field is larger than H translates into a 

positive moment, as well as a region from which the field 

is expulsed by Meisner screening results in a negative 

moment. The edge region providing the additional positive 

magnetic moment in ascending H depends on the field 

penetration length [26]. In thin film superconductor with 

thickness smaller than the bulk London penetration length 

λ, the effective penetration length is no longer λ but Λ = 

2λ2/t [29-32]. In a 15 nm thick film, and considering the 

intrinsic bulk λ(0 K) ≈ 100 nm for MgB2 [27,33-35], Λ(0 

K) overpasses 1 µm. Since both Hedge and Λ(0 K) increase 

when the film thickness shrinks, it is expected that the 

additional positive moment provided by the edge field 

rises when t is reduced. The fact that Λ increases with the 

sample temperature according to Λ(T)= Λ(0)[1-(T/Tc)4]-1 

[35] is also consistent with the experimental observation 

that temperature favors the positive moment in ascending 

field after ZFC, as well as the overall inverted loop (see 

Fig. 1).  

 

  
 

Figure 3. (a) Full hysteresis loop (black line) and first 

magnetization curve (red line) measured at 4 K on a MgB2 

(15 nm) film. The blue triangles and the green squares are 

the measurements of moment versus time under a fixed field 

of 100 mT and 40 mT, respectively, after ZFC. In the inset to 

(a), the same relaxation data are plotted as a function of time. 

An exponential relaxation is found with relaxation time τ of 

540 s for 100 mT and 890 s for 40 mT. (b) Full hysteresis loop 

measured at 4 K with a field sweep rate of 1 mT/s (black line) 

compared to the decreasing field branch from positive field 

above +Hc2 to negative field measured with a field sweep rate 

of 15 mT/s (red open circles). The blue dots correspond to the 

moment relaxation in constant field from three points of the 

red curve, respectively 250 mT, 100 mT or near zero field. 

The moment decrease (see blue arrows) can be fitted by an 

exponential function with a relaxation characteristic time (τ). 

In inset to (b), τ values are plotted as a function of film 

thicknesses, for the same reduced T/Tc = 0.5, and for two 

constant fields, namely 100 mT (light blue disks) and lower 

than 1 mT (dark blue filled squares). Three open squares are 

added to show the acceleration of the relaxation when the 

temperature rises from 4 K to 16 K, for the 15 nm thick 

sample near zero field. 

             



At that stage, it must be noted that in real 

millimetric samples, scratches on the thin film, pre-

existing at the substrate surface or due to sample handling, 

often exist and could also be source of additional effective 

edges. In order to further characterize the influence of the 

edge field effects on promoting positive magnetic 

moment, we performed cuts on a 45 nm thick MgB2 film 

with a diamond saw to successively isolate 4, 8 and finally 

12 regions, within the same initial sample area. By doing 

so, we increased the total edge length relative to the 

sample surface. As shown in Fig. S7(a-d), for the full film 

and then after each cutting step, we measured 

magnetization versus out-of-plane field, at 16K after zero 

field cooling, similar to the data presented in Fig. 1(b). As 

shown in Fig. S7(e), Hpos, decreases when increasing the 

number of cuts [41]. This means that the cutting process 

favors the “inverted state”. It is consistent with a positive 

moment produced by the sample edges, although one 

cannot exclude that it also partially relates to a 

modification of the vortex nucleation at the new rough 

artificial edges. Nevertheless, the overall shape of the 

M(H) loop did not change drastically with the number of 

cuts. If the enhanced edge field was the leading 

mechanism promoting the inverted M(H) loop, one would 

expect to have a much more significant evolution towards 

a full inverted loop. It is not the case. 

The contribution of edge-enhanced field to the 

positive moment is not enough to obtain a positive 

moment in the Meissner state since the volume 

diamagnetic moment is much larger. Nevertheless, the 

field-induced introduction of vortices, above Hp, lowers 

the volume diamagnetic signal and eventually allows a 

positive moment, for a field larger than Hpos. As shown in 

Fig. S8 [41], the moment variation around Hpos is quite 

“reversible” as long as it does not visit a significant portion 

of the main hysteresis loop. Moreover, our relaxation 

experiments in Fig. 3 confirm that the vortex propagation 

is a field-activated and thermally-activated process. Hpos 

decreases linearly with temperature. Vortex mobility is 

also affected by the film thickness since a larger density of 

defects is expected in thicker films, and so Hpos rises with 

the film thickness. The large vortex mobility, gained in 

increasing the field, increasing the temperature and 

lowering the film thickness, must produce a decrease of 

the critical current Jc [3, 36-38]. Therefore, one can expect 

a consequent decrease of the diamagnetic signal 

magnitude while preserving a significant positive moment 

signal from the vortices. This, coupled to the positive 

moment from the enhanced edge field, may lead to an 

overall positive moment.  

The decrease of moment at high field up to Hc2, 

common to both the first magnetization curve after ZFC 

and the full hysteresis loop (see for instance Fig. 2(d)), can 

be explained by two complementary effects: i) the 

increasing external field allows vortices to penetrate the 

whole sample area and densifies the vortex lattice, thus the 

enhancement of the edge-field is continuously reduced 

since the difference between the field inside and outside 

the sample is gradually suppressed, ii) the Cooper pair 

density, and so the critical current, in the superconducting 

regions of the sample continuously decrease when the 

external field increases up to Hc2 due to orbital effect 

[20,39]. For a 15 nm thick film, decreasing H from Hc2 

leads to a negative moment whose magnitude reaches a 

maximum at zero field (Fig. 2(d)). Such behavior has 

already been observed in superconductors when the 

vortices are expulsed in a reversible manner in absence of 

strong volume pinning centers [40]. Usually, as observed 

in Figs. 2(a) and 2(b) for our thickest film, below a certain 

field, the pinning is strong enough to conserve pinned 

vortices in the center of the sample and to generate a 

remanent positive moment as in any bulk type-II 

superconductor. It is no longer the case for the thinnest 

film (Fig. 2(d)) since a reduced film thickness gives rise to 

a lower density of defects, as well as a stronger vortex-

vortex repulsion due to the enhanced vortex extension 

2Λ(T) [29]. Note that, in the descending branch from Hc2, 

an additional negative moment must be provided by the 

edge-field since the positive field magnitude inside the 

superconductive sample remain larger than the external 

field H.   
 

   
Figure 4. Magnetic moment (M) as a function of temperature 

(T) measured on a MgB2 (15nm) film during warming under 

fixed field (FW) of 100 mT (blue line) and 40 mT (green line), 

after ZFC. The two symbols indicate the same two starting 

points as in the relaxation experiments plotted in Fig. 3(a). 

The inset shows the moment measured during field cooling 

(FC) at 100 mT from 25 K down to 2 K, and then field 

warming (FW) in 100 mT from 2 K to 25 K.  

 

Finally, it is interesting to compare the isothermal 

relaxation process that we obtained as function of time in 

a fixed applied field in Fig. 3(a) with the one reported as a 

function of temperature in the case of HFPME in the 

literature [8,9]. In Fig. 4, after ZFC down to 4 K, H was 

raised up to either 40 mT or 100 mT. Then under fixed 

field, the moment is measured during a temperature cycle 

from 4 K up to 24 K (i.e., above Tc). The single green open 

square and single blue open triangle correspond to ones in 

Fig. 3(a), at 40 mT and 100 mT respectively, before 

relaxation. In Fig. 4, when the temperature rises, an 

increase of the moment up to positive value is observed, 

followed by a shallower decrease, consistently with 

previous data obtained for Nb films [8]. This first increase 



of moment is similar to the isothermal relaxation described 

in inset of Fig. 3(a) under 100mT. As a matter of fact, the 

time required to perform the M(T) measurement from 4 K 

to 20 K is typically of the order of 1000 s. Note that similar 

relaxation features are seen both for M(T) measurements 

performed after ZFC or FC in 100 mT (inset to Fig. 4) 

accordingly to Ref. [8]. Using a 40 mT fixed field after 

ZFC, instead of 100 mT, one only allows the vortex state 

to slightly relax and a significant negative moment 

remains. So, we conclude that, in thin enough films, the 

increase of moment during M(T) leading to the so-called 

HFPME in Ref. [8] has the same origin as the one 

observed here during M(H) after ZFC (Fig. 3) and, 

therefore, that the such HFPME feature does not 

necessarily require a field-cooling procedure.   

 

IV. SUMMARY 

 

          In conclusion, we studied the M vs H loops of 

various conventional type-II superconductor films with 

thicknesses ranging from 100 nm down to 5 nm. The out-

of-plane field hysteresis loops for the thinnest films are 

inverted compared to the one usually observed for bulk 

superconductor and described by Bean’s model. In 

particular, after ZFC, the magnetic moment reaches a 

positive value when increasing the field. When decreasing 

the external field from above Hc2 down to zero, the 

moment is negative and its magnitude increases with 

decreasing field, leading to a negative moment at 

remanence. From relaxation experiments, we demonstrate 

that the mixed states adopted along the inverted loop are 

stable equilibrium states, contrary to previous reports on 

micron-wide disks [13]. We correlated the field, 

temperature and thickness dependence of these inverted 

loops to the large penetration length, the vortex mobility 

and the edge demagnetization fields which are specific 

features of thin films. Finally, our observations show that 

High-Field Paramagnetic Meissner effect (HFPME) [8] 

can be achieved during isothermal field sweep or by vortex 

relaxation under fixed field in absence of any field-cooling 

procedure.  
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