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Using a combination of magnetometry and magnetotransport techniques, we studied temperature and magnetic-field behavior 

of magnetization in Py/Gd heterostructures. It was shown quantitatively that proximity with Py enhances magnetic order of 

Gd. Micromagnetic simulations demonstrate that a spin-flop transition observed in a Py/Gd bilayer is due to exchange-spring 

rotation of magnetization in the Gd layer. Transport measurements show that the magnetoresistance of a 

[Py(2 nm)/Gd(2 nm)]25 multilayer changes sign at the compensation temperature and below 20 K. The positive 

magnetoresistance above the compensation temperature can be attributed to an in-plane domain wall, which appears because 

of the structural inhomogeneity of the film over its thickness. By measuring the angular dependence of resistance we are able 

to determine the angle between magnetizations in the multilayer and the magnetic field at different temperatures. The 

measurements reveal that due to a change in the chemical thickness profile, a non-collinear magnetization configuration is 

only stable in magnetic fields above 10 kOe. 

 

I. INTRODUCTION 

The number of unique phenomena makes surface magnetism of rare-earth Gd an extremely interesting, while 

immensely challenging, scientific topic. It was shown that even for a Gd film grown on a non-magnetic W substrate, 

magnetic order near the surface can be significantly enhanced [1-4]. When Gd is in proximity with a transition metal (TM), 

the effect becomes even more prominent [5, 6]. For a Fe/Gd multilayer, it was demonstrated that a few atomic monolayers of 

Gd adjacent to the Fe layer have Curie temperature comparable to that of Fe [7], regardless of the Curie temperature of bulk 

Gd being only 293 K. Another interesting property of Gd/TM heterostructures is an antiferromagnetic exchange interaction 

between Gd and TM. This results in magnetizations of adjacent Gd and TM layers being antiparallel to each other without 

any magnetic fields applied. The unusual antiferromagnetic coupling in combination with the enhancement of magnetic order 

triggered the use of Gd/TM heterostructures for artificial ferrimagnets applications. As of today, artificial ferrimagnets have 

been implemented for spin mixing in superconducting spin valves [8], and an out-of-plane anisotropy in Gd/Co [9] and 

Gd/Fe [10, 11] multilayers stimulates the study of the artificial ferrimagnets for a bubble domain application [12-15]. 

Furthermore, due to the lower ordering temperature of Gd compared to many ferromagnetic TM materials, the 

magnetization in the Gd layers demonstrates a stronger temperature dependence than the magnetization in the TM layers. For 

certain Gd/TM heterostructures, at a so-called “compensation temperature”, the magnetic moment of the Gd layer becomes 

equal to the magnetic moment of the TM layer. Because of the antiferromagnetic coupling between the layers, this 
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compensation results in a vanishing total magnetization for these Gd/TM multilayers. Therefore, it is of particular interest to 

determine magnetization configurations and magnetization reversal mechanisms at the compensation temperature, where 

magnetic moments of the Gd and TM layers become equal. From a fundamental perspective, Camley and Tilley, using mean-

field calculations, showed that, a so-called “twisted magnetic state” with a non-collinear configuration of magnetization over 

the film thickness can appear at the compensation temperature [16]. That is the magnetization of layers located near the top 

and bottom surfaces of a film begin to cant, resulting in a well-defined angle with respect to the external magnetic field. As 

the temperature approaches the compensation temperature, the twists propagate deeper into the multilayer. Camley and Tilley 

demonstrated that the characteristics of this twisted state strongly depends on the layered structure and its microscopic 

parameters. The magnetic behavior at the compensation temperature is also interesting due to potential applications. 

Recently, it was demonstrated that due to a thermally induced excitation, magnetization of GdFeCo films [17-20] and 

Gd/Fe [21] artificial ferrimagnets can be switched across the compensation temperature optically, without applying external 

magnetic field. It is believed that the phenomenon can be used for developing new magnetic recording media [22]. In 

addition, the antiferromagnetic coupling can result in the formation of interfacial domain walls, which only form and persist 

for applied magnetic fields exceeding a critical field [23, 24]. 

The anisotropy of polycrystalline Gd and TM [25] causes a hysteretic behavior of magnetization, which drastically 

complicates the analysis of magnetization reversal in the Gd/TM heterostructures. This complication can be minimized by 

using Permalloy (Py = Ni0.81Fe0.19), which is a transition metal alloy with very low magnetic anisotropy. Thus, Gd and Py are 

very promising materials for fabrication of artificial ferrimagnets. Ranchal et al. demonstrated that coupling between Gd and 

Py is antiferromagnetic [26, 27], and the intermixing of these materials strongly reduces their coupling energy [28]. Our 

motivation was to characterize quantitatively the coupling of Gd with Py and magnetic order in these layers, as well as to 

investigate proximity effects in Py/Gd artificial ferrimagnets. 

II. DETAILS OF THE EXPERIMENT AND SIMULATION 

 Magnetron sputtering at ambient temperatures was used to fabricate three groups of films for the study. All samples were 

grown on top of Si/SiO2 substrates at room temperature. The deposition rates used for the sputter-deposition of Gd and Py 

were 1.4 Å/sec and 0.7 Å/sec, respectively. 5-nm-thick Ta layers at the bottom and top of all the films were used as seed and 

capping layers, respectively. The first group of samples consists of Py(50 nm)/Gd(4 nm) and 

Py(50 nm)/Au(0.5 nm)/Gd(4 nm) films. These films are designed to determine how proximity with Py influences the 

magnetization and exchange stiffness of Gd, as well as to evaluate the interlayer coupling between the two metals. The 

bilayer with a thin Au buffer serves to reveal how interlayer diffusion between Gd and Py affects the strength of the coupling 

and to show if the coupling can be controlled by placing a thin buffer between Py and Gd. The second group consists of 
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Py/Gd multilayers [Py(t)/Gd(t)]25, where t is 1 or 2 nm. The purpose of studying these samples is to determine the mechanism 

of the magnetization reversal in the vicinity of the compensation temperature. Finally, the third group of samples is designed 

for estimating the effective exchange stiffness in the Py/Gd multilayers. These samples are composed of a Py/Gd stack 

adjacent to a 50-nm thick Py layer, i.e., Py(50 nm)/[Py(t)/Gd(t)]25, t =1 or 2 nm. Magnetic moments were measured using a 

Quantum Design Superconducting Quantum Interference Device (SQUID) magnetometer. Transport measurements were 

conducted using a conventional four-probe technique; the films were cut into the shape of 9 × 2 mm2 stripes. Magnetic field 

was applied parallel to the films surface. To measure angular dependences of resistance the stripes were installed on a 

horizontal rotator. The zero angle corresponds to a position of the stripe in which the current flows in the direction of the 

external magnetic field. X-ray reflectometry measurements were performed with Philips diffractometer using Cu K-alpha 

(1.54 Å) radiation. 

  In order to determine the magnetization reversal mechanism and quantitatively evaluate parameters of the Py/Gd films 

(exchange stiffness, magnetization, and interlayer coupling), the experimental data were simulated using the Object Oriented 

Micromagnetic Framework (OOMMF) micromagnetic simulation software [29]. Essentially, the micromagnetic model 

mimics a one-dimensional spin chain directed along the thickness of the film. To imitate an infinite plane, the 

demagnetization energy term was excluded from the calculation, while magnetization was forced to rotate in plane. Thus, 

these simulations yield a configuration of spins along the thickness of the films, or rephrasing, they model in-plane domain 

walls occurring in the films in different magnetic fields. The size of the calculation cell in the direction perpendicular to the 

film plane was chosen to be 0.25 nm. 

III. BILAYER FILMS 

To determine the interfacial coupling between Py and Gd and to study how proximity affects magnetic properties of the 

metals, we prepared the Py(50 nm)/Gd(4 nm) and Py(50 nm)/Au(0.5 nm)/Gd(4 nm) films. The idea behind the design is as 

follows. Keeping the Gd layer thin allows minimizing anisotropy energy term, which, in turn, enables identifying effects of 

the interfacial interaction more clearly. At the same time, the magnetization of a relatively thick Py layer is predominately 

along the externally applied magnetic field, thus, making the Py layer effectively a “magnetic anchor”. The temperature and 

magnetic-field dependences of the magnetic moment for the films are compared to those for the reference Py(50 nm) film.  

The temperature dependences of the magnetic moment normalized to the film area [Fig. 1(a)] were measured in a small 

magnetic field (100 Oe) applied parallel to the surface plane. In contrast to a typical rise of magnetization with decreasing 

temperature demonstrated by the reference Py film, the total magnetic moment of the Py/Gd films (with and without Au) 

begins to decrease at temperatures below 120 K. This proves that the exchange interaction between Py and Gd is 
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antiferromagnetic. Since the Gd magnetic moment developed at low temperature is antiferromagnetically coupled with that in 

Py, the total magnetic moment decreases. Importantly, the magnetic moments of the Py/Gd samples are lower than the 

magnetic moment of the reference Py(50 nm) film even at temperatures above 120 K. We assume that, due to proximity, a 

part of the Gd layer immediately adjacent to Py has a Curie temperature higher that the rest of the Gd layer. This part of the 

Gd layer remains ferromagnetic at higher temperatures, which reduces the magnetic moment of the Py/Gd films in 

comparison to the reference single-layer Py film even at temperatures above 120 K.  

Magnetization curves of the Py(50 nm)/Gd(4 nm) and Py(50 nm)/Au(0.5 nm)/Gd(4 nm) films [Fig. 1(b)] demonstrate 

another interesting effect previously reported for Gd/Fe [30-32], Gd/Ni [5], and Gd/Co [33, 34] films, which is usually called 

a “spin-flop transition”. Namely, at a critical field, HCR = 1.3 kOe for the Py(50 nm)/Gd(4 nm) film, the magnetic moment 

exhibits a fast non-linear growth. Basically, in order to minimize the Zeeman energy, it becomes energetically favorable for 

the magnetization in the Gd layer to rotate so that it becomes aligned along the magnetic field. The microscopic mechanism 

of this rotation can be quite complicated, and it strongly depends on the microscopic parameters of the metals. First, let us 

assume that the exchange stiffness of Gd and Py is high (rigid-spin approximation) and the interfacial coupling is weak in 

comparison to the interatomic coupling in these materials. In this case, the spin-flop is realized by a coherent rotation of the 

magnetization in the entire Gd layer with respect to the magnetization in the Py layer. Micromagnetic simulations show that, 

under the assumption of the rigid-spin approximation, the total magnetization would demonstrate a linear rise with the 

magnetic field above HCR, followed by a saturation. However, the curves in Fig. 1(b) demonstrate a different behavior: the 

magnetization grows non-linearly, and the full saturation is not achieved even in high magnetic fields (40 kOe). It means that 

the assumption about the “weak” interface is unjustified for the system, and the switching at HCR does not happen due to the 

coherent rotation of Py and Gd magnetization with respect to each other. Another important feature of the magnetization 

curves which the rigid-spin approximation fails to explain is the almost linear rise of the magnetization with magnetic fields 

below HCR [inset in Fig. 1(b)].  

 It is clear that finite values of the exchange stiffness of Gd and Py must be taken into account for an adequate modeling 

of the magnetic reversal in the Py/Gd bilayer. Importantly, microscopic properties of materials at the Py/Gd interface are 

defined by two counteractive processes. On one hand, because the materials have different Curie temperatures, proximity is 

responsible for the reduction of the exchange stiffness in a thin Py sublayer adjacent to the interface, APy_Int, and the 

enhancement of that in a thin Gd sublayer adjacent to the interface, AGd_Int. On the other hand, intermixing of Py and Gd [5, 

35] results in adding Ni to Gd which strongly reduces the Curie temperature of the latter [28, 36]. This, in turn, is attributed to 

the suppression of AGd_Int and APy_Int. Based on the temperature and magnetic-field dependences of the magnetization, we 
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propose the following micromagnetic model to simulate the experimental data for the Py/Gd bilayer. At low temperatures, 

the exchange stiffness of a 2-nm thick Gd sublayer and a 2-nm thick sublayer of Py adjacent to the interface [Fig. 1(c)] is 

relatively low (AGd_Int = APy_Int = AInt = 1.5×10-7 erg/cm). Due to the low stiffness, the magnetizations in these interfacial Gd 

and Py sublayers begin to twist along the field at HCR. A micromagnetic simulation [Fig. 1(d)] shows this twist causes a non-

linear rise of the magnetization when the magnetic field is increased above HCR, and the full saturation is not achieved even in 

high magnetic fields, which is in agreement with the experimental data. The proposed micromagnetic model is also capable 

of explaining the linear rise of magnetization for the magnetic field below HCR [inset in Fig. 1(b)]. Indeed, if the magnetic 

order in the top part of the Gd layer is extremely reduced, e.g., its exchange stiffness, AGd_Top, is of the order of 

1.5×10-9 erg/cm, then the magnetization in the top Gd sublayer aligns with the magnetic field; whereas the magnetization in 

the bottom interfacial Gd sublayer is directed opposite to the field. The simulation shows that this transition of spins from 

parallel to antiparallel-to-magnetic-field states is realized through another magnetization twist within the Gd layer. This twist 

yields a modest rise of magnetization in low magnetic fields [Fig. 1(d)]. The micromagnetic parameters used for the 

simulation are: MPy = 810 emu/cm3, APy = 10×10-7 erg/cm; MGd is 1800 emu/cm3 and 1000 emu/cm3 for the bottom 

(interfacial) and top Gd sublayers, respectively; AInt = 1.5×10-7 erg/cm, AGd_Top = 1.5×10-9 erg/cm; exchange stiffness through 

the Py-Gd interface (APy-Gd) is 1.5×10-7 erg/cm. 

The strong reduction of the exchange stiffness in the top part of the Gd layer may happen for a number of reasons. First, 

roughness and intermixing of Gd with the Ta layer, which was used for capping, can result in a formation of a sublayer with 

reduced magnetic interactions. Due to the strong localization of the 4f electrons responsible for the magnetic moment of Gd, 

the presence of Ta does not strongly suppress the magnetization of this Gd sublayer, however, it may strongly affect the Gd-

Gd distance causing reduction of the exchange coupling in the top part of the Gd layer. Second, the Ta atoms may modify 

hybridization between the 4f and conduction electrons, which potentially can result in small AGd_Top. There is no evidence 

however, that these mechanisms can provide such a significant suppression of exchange stiffness. Thus, small AGd_Top must be 

considered as one of the assumptions, which enable explaining the behavior of the magnetization curve in the magnetic fields 

below HCR. As an alternative mechanism of this behavior, it can be assumed that the Ta layer can produce a strain in the top 

Gd sublayer. Due to magnetostriction of Gd, the strain causes enhancement of the Gd magnetic anisotropy, which yields the 

viscous behavior in the low magnetic fields. However, the micromagnetic simulations showed that too strong a change in Gd 

magnetic anisotropy would be required for realization of this mechanism. 

It was shown that the interfacial exchange coupling between Py and Gd can be controlled by inserting an ultrathin buffer 

between Gd and TM which blocks intermixing [37]. To determine how the stiffness of the interfacial exchange spring and, 
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hence, HCR is affected by a buffer layer, we inserted a 0.5-nm thick Au buffer between Py and Gd. The first effect of the 

buffer is that the total magnetic moment at temperatures above 170 K becomes lower than that for the bilayer without Au 

[Fig. 1(a)]. This means that due to the reduction of the intermixing, a thicker part of the Gd layer is ferromagnetic at higher 

temperatures. Therefore, the drop of the total magnetic moment due to the antiferromagnetic alignment of Gd and Py is more 

substantial. Second, HCR for the Py(50 nm)/Au(0.5 nm)/Gd(4 nm) trilayer is 2.4 kOe, which is almost twice as large as HCR 

for the Py/Gd bilayer (1.3 kOe). From these observations, we draw three conclusions. First, the increase in HCR for the bilayer 

with the Au layer proves that the interface by itself is not a “weak link” of the coupling, otherwise the presence of the Au 

layer would lead to a reduction of the coupling and HCR. Second, the coupling is defined by the exchange stiffness AInt of the 

Py and Gd interfacial sublayers, which is strongly affected by the intermixing. Third, the intermixing between Py and Gd 

and, hence, the effective coupling can be controlled by placing an ultrathin conducting buffer layer between the metals. Our 

micromagnetic model is capable to fit magnetization curves for both samples, with and without the Au buffer. The only 

parameter that must be adjusted is AInt. AInt = 2.5×10-7 erg/cm provides a good fit of the experimental magnetization curve for 

the Py(50 nm)/Au(0.5 nm)/Gd(4 nm) film [Fig. 1(d)]. 

IV. MULTILAYER FILMS 

In the micromagnetic model for the bilayers, to account for the change in the exchange stiffness of the Py and Gd near 

the interface due to proximity effect, the 2-nm-thick sublayers were introduced on each side of the Py/Gd interface 

[Fig. 1(c)]. Interdiffusion of Gd and Py was neglected in the model. To determine how the intermixing influences the 

magnetic properties of an artificial Py/Gd ferrimagnet and to improve the micromagnetic model proposed for explaining the 

magnetization reversal process in the Py/Gd bilayers, we studied magnetic and magneto-transport properties of the 

[Py(1 nm)/Gd(1 nm)]25 and [Py(2 nm)/Gd(2 nm)]25 multilayers over a wide range of temperatures and magnetic fields. The 

temperature dependences of the magnetization for these samples measured in a small magnetic field (100 Oe) are shown in 

Fig. 2(a). The [Py(1 nm)/Gd(1 nm)]25 film becomes ferromagnetic only at temperatures below 275 K [Fig. 2(a) open dots]. 

This temperature is below the Curie temperatures for bulk Py (850 K) and Gd (292 K). The absence of a clear compensation 

temperature and the reduced ordering temperature for the thinner Py and Gd layers suggest that the intermixing is a 

substantial issue for this multilayer sample. Basically, the intermixing is so significant that, in the first approximation, it can 

be assumed that the entire [Py(1 nm)/Gd(1 nm)]25 film is composed of a PyGd alloy. This observation is confirmed by an X-

ray reflectivity measurement (Fig. 3). It is seen that comparatively high superlattice fringes appear only for the film with 2-

nm thick layers. 
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Even though the [Py(1 nm)/Gd(1 nm)]25 film is completely intermixed, the magnetic moment of Gd is aligned 

antiparallel to the magnetic moments of Ni and Fe. At 10 K, the magnetic moment of Gd exceeds the aggregated magnetic 

moment of Ni and Fe, and hence, the Gd magnetic moment is along the magnetic field at low temperatures. At the same time, 

the absence of the compensation indicates that the magnetic moment of Gd grows coherently with the aggregated magnetic 

moment of Ni and Fe. Thus, it can be concluded that the alignment of the Gd magnetic moment along the magnetic field in 

the PyGd alloy is preserved in the 10–275 K temperature range. 

 Since the layers of the [Py(2 nm)/Gd(2 nm)]25 film are not completely intermixed, the film demonstrates a more 

complex, ferrimagnetic-like, temperature dependence of the magnetization [Fig. 2(a) solid dots]. The magnetization of this 

multilayer is low (70 emu/cm3) at 300 K. Most likely, this magnetization is due to thin core parts of the Py layers which are 

not affected by the intermixing of Py and Gd [inset Fig. 2(a)]. At high temperatures, the magnetization in these core sublayers 

of Py is aligned along the magnetic field. While the film is cooled down the magnetization of the mixed interfacial regions of 

Py and Gd (denoted “Mix” further in the text) starts to grow. If we assume that the composition of the Mix sublayers is 

identical to the composition of the PyGd alloy consisting of the [Py(1 nm)/Gd(1 nm)]25 film, then for these Mix sublayers, the 

magnetic moment of Gd exceeds the magnetic moments of Fe and Ni in the 10–275 K temperature range. Hence, the total 

magnetic moment of the Mix sublayers tends to align opposite to the magnetic moment in the Py-core sublayers. This leads 

to a decrease in the total magnetization. At the compensation temperature of 176 K, the magnetic moment of the Py-core 

sublayers is equal to the magnetic moment of the mixed sublayers, resulting in almost zero magnetization (8 emu/cm3) of the 

multilayer at 176 K. Below the compensation temperature, the magnetic moment of the Mix sublayers becomes higher than 

the moment of the Py-core sublayers, hence, the magnetization is Gd-aligned at these temperatures. Importantly, in contrast 

to the [Py(1 nm)/Gd(1 nm)]25 multilayer, the magnetization begins to rise strongly at temperatures below 75 K. We consider 

that, similarly to the Py-core sublayers, the core parts of the Gd layers are not affected by the intermixing. The rise of the 

magnetization in these Gd-core sublayers below 75 K causes the upturn of the total magnetization. By taking into account the 

values of magnetization at 300 K and 10 K and assuming that the temperature dependence of the magnetization for the Mix 

sublayers coincides with that for the [Py(1 nm)/Gd(1 nm)]25 film, it was estimated that the effective thicknesses of the Py-

core and Gd-core sublayers are about 0.5 nm, wherein the rest of the multilayer is filled with the PyGd alloy [inset in 

Fig. 2(a)]. 

 Our magnetometry measurements show that for both [Py(2 nm)/Gd(2 nm)]25 and [Py(1 nm)/Gd(1 nm)]25 films the 

coercive field does not exceed 10 Oe in the 10–200 K temperature range. This means that the anisotropy of these films is 
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comparable with that for Py, which makes them a good choice for application as a soft artificial ferrimagnet. Noteworthy, the 

study also showed that the anisotropy becomes significantly higher if the thickness of the Gd layers increases. 

The magnetization curves of the [Py(2 nm)/Gd(2 nm)]25 multilayer measured at 10 K (green dots) and at the 

compensation temperature (black dots) are shown in Fig. 2(b). Importantly, even at the compensation temperature, the 

magnetization of the film is not zero. Furthermore, the magnetization curve does not pass through the origin in zero magnetic 

field. At the compensation temperature, the magnetization rises linearly in magnetic fields up to 70 kOe, whereas at 10 K, a 

complete saturation of magnetization is achieved already in a very small magnetic field (below 50 Oe). We also observe that, 

at 10 K, the magnetization experiences a rise at a magnetic field of 16 kOe [Fig. 2(b)], similarly to the one demonstrated by 

the PyGd bilayers [Fig. 1(b)]. Knowing the estimated thicknesses of the Py-core and Gd-core sublayers [inset in Fig. 2(a)], 

we modeled the magnetization curves of the [Py(2 nm)/Gd(2 nm)]25 multilayer micromagnetically. Fig. 2(c) presents 

simulated the magnetization curves obtained for 10 K (green line) and 176 K (black line). Micromagnetic parameters used for 

the simulation are AMIX = APy = 1.5×10-7 erg/cm, MPy = 810 emu/cm3. For T = 10 K, AGd = 1.5×10-7 erg/cm, 

MMIX = 861 emu/cm3, MGd = 1600 emu/cm3, MPy = 810 emu/cm3. Based on the fact that the Gd-core sublayers gain significant 

magnetic moment only below 75 K, we assume that the exchange stiffness and magnetization of the Gd-core sublayers is 

highly suppressed at 176 K, i.e., AGd = 0.1×10-7 erg/cm, MGd = MMIX = 116 emu/cm3. The simulations of the magnetization 

reversal at 10 K show that, in a magnetic field below 15.5 kOe, the magnetizations of the Gd-core and Mix sublayers are 

pointed along the magnetic field, while the magnetizations in the Py-core sublayers are opposite to the field. Because the very 

bottom Py layer and the very top Gd layer are adjacent to only one Gd and Py layer, respectively, their structure is different 

from that of the other layers in the [Py(2 nm)/Gd(2 nm)]25 multilayer. Namely, these layers are subjected to intermixing only 

from one side, and hence, the thicknesses of the corresponding Py-core and Gd-core sublayers in these layers are 1.25 nm 

instead 0.5 nm. The simulations show that at 10 K, when the magnetic field exceeds HCR = 15.5 kOe, the magnetization in the 

very first Py layer rotates to align along the magnetic field. This yields an exchange-spring twist of the magnetization near 

the bottom surface of the film similarly to the one observed in the PyGd bilayers. The rest of the film preserves antiparallel 

magnetization alignment along the magnetic field. In order to minimize the total energy at 176 K, when the magnetic moment 

of the Gd-core/Mix sublayers compensates that of the Py-core sublayers, the corresponding magnetizations tend to align 

perpendicular to the magnetic field, at the same time, being almost antiparallel to each other (non-collinear configuration). 

Again, since the magnetic structure of the very bottom Py and the very top Gd layers is different from the structure of the 

layers in the depth of the film, the symmetry of the magnetic structure is broken near the top and bottom surfaces of the 

[Py(2 nm)/Gd(2 nm)]25 film. This causes the magnetizations near these surfaces to be at smaller angles with respect to the 
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magnetic field than the magnetization inside the multilayer. To some extent, this configuration is similar to the twisted state 

predicted by Camley [16, 38-40].  

Although the simulated and experimental magnetization curves at 176 K demonstrate very similar behavior, they do not 

allow us to determine conclusively the magnetic configuration of the [Py(2 nm)/Gd(2 nm)]25 film in the vicinity of the 

compensation temperature. Electronic transport measurements, on the other hand, are more sensitive to the distribution of the 

magnetization inside the films and its response to the applied magnetic field. Fig. 4 demonstrates the results of transport 

measurements for both [Py(1 nm)/Gd(1 nm)]25 and [Py(2 nm)/Gd(2 nm)]25 films conducted for different magnetic fields and 

temperatures. First, Fig. 4(a) shows the temperature dependences of the resistance for the [Py(1 nm)/Gd(1 nm)]25 film 

measured in the 1-kOe (black line) and 100-kOe (blue line) magnetic fields applied longitudinally. These measurements 

show that the magnetoresistance changes sign at around 40 K. Indeed, Fig. 4(d) illustrates that both longitudinal and 

transverse magnetoresistances are negative at 50 K while they are positive at 10 K. Second, the same temperature [Fig. 4(b)] 

and magnetic-field [Fig. 4(c)] dependences for the [Py(2 nm)/Gd(2 nm)]25 film indicate that the magnetoresistance changes 

the sign twice: around 20 K and, surprisingly, in the vicinity of the compensation temperature. Again, the magnetoresistance 

is positive at 200 K. In the vicinity of the compensation temperature, the magnetization rotates with respect to the magnetic 

film and the current, which leads to a change in the anisotropic magnetoresistance. Within the 150–180 K temperature range, 

a transverse resistance starts to increase while the longitudinal resistance starts to decrease when the amplitude of the 

magnetic field is increased. Similarly to the [Py(1 nm)/Gd(1 nm)]25 film, the magnetoresistance of the [Py(2 nm)/Gd(2 nm)]25 

film is negative at 50 K and becomes positive again at 10 K.  

The anisotropic magnetoresistance is responsible for an interesting step-like change in the resistance observed at 10 K in 

a 16-kOe magnetic field [Fig. 4(c)]. For the longitudinal resistance, it is an increase, and for the transverse resistance, it is a 

decrease. These steps are an additional evidence that the magnetization of the very bottom Py layer rotates and aligns along 

the magnetic field. This rotation provides a rise of the magnetization at 10 K for a 16-kOe magnetic field [Fig. 2(b and c)] as 

discussed previously. Similar changes of the resistance related to the nucleation of an in-plane domain wall have been 

reported previously for Fe/Gd [31, 32] and Co/Gd [33] systems. 

To define the orientation of the magnetizations in the [Py(2 nm)/Gd(2 nm)]25 multilayer and to disentangle the 

contribution of the anisotropic magnetoresistance from that of the ordinary and giant magnetoresistances, we measured the 

angular dependences of the resistance in different magnetic fields. The idea is that, due to the anisotropic magnetoresistance, 

the resistance of the stripe reaches a minimum when the magnetizations in the layers are perpendicular to the direction of the 

current flow. As an example, the angular dependences of the resistance measured in a 10-kOe magnetic field at 174 and 
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176 K have minima at 90° and 87°, respectively (Fig. 5). Consequently, the magnetizations in the multilayer are parallel to 

the 10-kOe magnetic field at 174 and 176 K (collinear configuration). When the magnitude of the magnetic field is increased, 

the minima begin to shift. This indicates that the magnetization in the Gd-core/Mix and Py-core sublayers rotates with respect 

to the applied magnetic field. In a 30-kOe magnetic field, the minimum is at 52° at 174 K, and at 15° at 176 K. Hence, at 

174 K and 176 K, the angles between the magnetization and the 30-kOe magnetic field are 38° and 75°, respectively. The 

curves measured in a 70-kOe magnetic field have minima at around 0°, hence, the magnetizations are almost perpendicular to 

the magnetic field. It is noteworthy that the shape of some angular dependences is not completely sinusoidal, and the 

amplitude of the angle-dependent parts of the curves are different at different temperatures. For example, at 174 K, this 

amplitude is 23 mΩ in 10 kOe, 7 mΩ in 30 kOe, 19 mΩ in 70 kOe. This behavior can be attributed to a formation of a 

domain structure. The magnetizations in different domains can be mirrored with respect to the magnetic field. The averaging 

of the resistance produced by different domains may cause the reduction in the anisotropic magnetoresistance.  

To map directions of magnetizations at different temperatures and magnetic fields, the angular dependences of the 

resistance were measured in 10-, 30-, 50-, 70-kOe magnetic fields in the 160–190 K temperature range. Then, based on the 

positions of the resistance minima, the angle α between the magnetic field, H, and the axis along which the magnetizations in 

the Gd-core/Mix and Py-core sublayers are aligned was obtained [Fig. 6(a)]. The same α(H, T) dependence was modeled 

micromagnetically [Fig. 6(b)]. The most striking and unexpected result provided by the experimental dependence [Fig. 6(a)] 

is that, in a 10-kOe magnetic field, the collinear magnetization configuration is stable even at the compensation temperature, 

and the non-collinear magnetization configuration appears only in higher magnetic fields. The transition from the collinear 

magnetization configuration to the non-collinear one does not produce any features in the magnetization curve measured at 

176 K [Fig. 2(b) 176-K curve]. Additionally, in contrast to the simulations, the experimental α(H, T) dependence is very 

narrow (Fig. 6). In the experiment, the non-collinear configuration disappears in a 70-kOe magnetic field at temperatures 

15 K above or below the compensation temperature. 

The unusual phenomena observed in the vicinity of the compensation temperature for the [Py(2 nm)/Gd(2 nm)]25 

multilayer, namely, the change in the magnetoresistance sign, the existence of transition from collinear to non-collinear 

configurations, and the unexpectedly narrow α(H, T) dependence, can be explained by an inhomogeneous sample structure. 

For modeling the magnetization of the [Py(2 nm)/Gd(2 nm)]25 multilayer, we assumed that the magnetic and atomic 

structures of the film can be represented as as a combination of the Mix, Py-core, Gd-core sublayers, and the thicknesses of 

these sublayers are the same throughout the film. However, it is possible that the accumulating roughness may very well 

change the amount of the intermixing and may result in the top layers of the [Py(2 nm)/Gd(2 nm)] multilayer more 
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resembling the PyGd alloy. In this case, it is conceivable that the magnetization in this top part is Gd-aligned even above 

176 K, while the magnetization in the bottom part of the film is still Py-aligned. Then, above 176 K, one can expect an in-

plane domain wall somewhere inside the film. An increase in the external magnetic field makes this domain wall narrower, 

which leads to an increase in the scattering, and consequently, the positive magnetoresistance. Second, the compensation 

observed at 176 K is not due to the equality of magnetic moments of the Mix/Gd-core and Py-core sublayers. The 

compensation occurs because the Gd-aligned magnetic moment of strongly intermixed top part of the film becomes equal to 

the Py-aligned magnetic moment of its bottom part. This yields the α(H, T) dependence to become narrow as it is observed in 

the experiment. Additionally, such different thickness-dependent intermixing may result in a thickness-dependent variation of 

the compensation temperature, which in turn would explain the remaining non-zero magnetization even at the experimentally 

observed compensation temperature. 

We believe that the change in magnetoresistance sign at low temperatures for both [Py(2 nm)/Gd(2 nm)]25 and 

[Py(1 nm)/Gd(1 nm)]25 films is caused by the same mechanism. We do not expect that this sign change is due to an in-plane 

domain wall. First, based on the magnetic-field dependence of the resistance for the [Py(2 nm)/Gd(2 nm)]25 film at 10 K 

[Fig. 4(c)], the magnetoresistance is positive even in magnetic fields lower than the nucleation field of the domain wall 

attributed to rotation of the magnetization in the first Py layer. Besides, we do not expect nucleation of any in-plane domain 

wall in the [Py(1 nm)/Gd(1 nm)]25 film. It is noteworthy a similar change in magnetoresistance sign was observed in a GdNi 

alloy [41]; where it was speculated that the effect can be related to magnetic polarons induced by Gd.  

V. EFFECTIVE EXCHANGE STIFFNESS  

Based on the analysis of the temperature dependence of magnetization we concluded that the Gd-core sublayers become 

ferromagnetic only below 75 K [Fig. 2(a)]. We expected that only a short-range exchange exists in the Gd-core sublayers 

above this temperature. This assumption is then implicitly used for simulating magnetization curve at the compensation 

temperature when we used AGd = 0.1×10-7 erg/cm. It is peculiar that the magnetic order inside the Gd layers can change so 

significantly on the scale of 2 nm. To investigate this effect more systematically we fabricated Py(50 nm)/[Py(t)/Gd(t)]25, 

t = 1 or 2 nm, films and studied how the effective exchange stiffness of the [Py(t)/Gd(t)]25 stacks changes upon temperature 

increase. The total magnetic moment of the [Py(t)/Gd(t)]25 stacks is Gd-aligned below 275 K for t = 1 nm and below 176 K 

for t = 2 nm. Due to the antiferromagnetic coupling, this moment tends to be antiparallel to the magnetic moment of the 50-

nm thick Py layer adjacent to the stack. Since the effective exchange stiffness of the stack is expected to be much smaller 

than that for Py, applying magnetic field leads to an exchange-spring-like rotation of the magnetization in the entire stack, 

and its total magnetic moment aligns along the magnetic field. Fig. 7(a) and (b) illustrate the magnetization distribution over 
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the thickness of the Py(50 nm)/[Py(2 nm)/Gd(2 nm)]25 film at 10 K in high and low magnetic fields, respectively. As a 

model, the entire [Py(t)/Gd(t)]25 stack can be considered as a homogeneous layer with some effective exchange stiffness, 

AGdPy. This effective layer is antiferromagnetically coupled to the 50-nm thick Py layer. Applying the model for fitting the 

experimental magnetization curves of the Py(50 nm)/[Py(t)/Gd(t)]25 film enables estimating AGdPy at different temperatures. 

The analysis shows that, at 10 K, the Py/Gd stacks of both films can be characterized by the same effective exchange 

stiffness, AGdPy = 1.5×10-7 erg/cm. At 100 K, the effective exchange stiffness of the [Py(1 nm)/Gd(1 nm)]25 stack becomes 

equal to 4×10-8 erg/cm, while that for the [Py(2 nm)/Gd(2 nm)]25 stack is 5 times smaller (8×10-9 erg/cm). This observation 

proves that the inner portions of the Gd layers have lower exchange stiffness and the Py layers are responsible for the 

enhancement of the magnetic order in the Gd layers. 

VI. CONCLUSION 

Analysis of the magnetization curves for the Py/Gd bilayers shows that, due to proximity with Py, magnetic order of 

about 1 nm of the Gd layer adjacent to the Py layer is strongly enhanced. Micromagnetic simulations demonstrate that the 

magnetization reversal observed in the Py(50 nm)/Gd(4 nm) bilayers in 1.3 kOe is due to an exchange-spring-like twisting of 

the magnetization in the Gd layer. The exchange stiffness of the Gd layer and, hence, parameters of the twist can be 

controlled by inserting an ultrathin layer of Au between Py and Gd. Using a combination of magnetometry and 

magnetotransport measurements, we determined the magnetic structures of the Py/Gd multilayers. Based on the reduction of 

the Curie temperature, it was concluded that the [Py(1 nm)/Gd(1 nm)]25 film is mostly composed of a PyGd alloy. The 

[Py(2 nm)/Gd(2 nm)]25 film has a complex magnetic structure. Based on the magnetometry data, it was estimated that the 

0.5-nm thick inner portions of the Py and Gd layers are not affected by intermixing. Analysis of the angular dependences of 

resistance for this film revealed that a non-collinear magnetization configuration is only stable in an unexpectedly narrow 

range of temperatures, and there is a transition from the collinear to non-collinear configurations at 10-kOe magnetic field 

even at the compensation temperature. We believe that the unusual behavior at the compensation temperature is due to 

accumulative roughness which causes the structure of the [Py(2 nm)/Gd(2 nm)]25 multilayer to be inhomogeneous over its 

thickness. Hence, different parts of the film can be characterized by different compensation temperatures, and the minimum 

of the films magnetization observed at 176 K occurs due to an equality of the magnetic moments in the majority of the film. 

The inhomogeneity may also be responsible for the appearance of the in-plane domain wall in the film at temperatures above 

176 K, which results in the change in the magnetoresistance sign at the compensation temperature. A more complicated 

model which takes into account accumulative roughness is required in order to model the phenomena micromagnetically. We 

believe that intermixing and accumulative roughness may affect magnetization behavior at the compensation temperature for 
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other artificial ferrimagnets as well. Analysis of the magnetization curves for the Py(50 nm)/[Py(t)/Gd(t)]25 multilayers, 

where t is 1 or 2 nm, demonstrates that above 75 K, the exchange stiffness inside the Gd layers is reduced and the magnetic 

order changes drastically on the scale of 2 nm. 
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FIG. 1. a) Temperature dependences of the magnetic moment per area for the Py(50 nm), Py(50 nm)/Gd(4 nm), and 
Py(50 nm)/Au(0.5 nm)/Gd(4 nm) films measured at a 100-Oe magnetic field; b) Magnetization curves of these films measured at 10 K; 
c) Schematics of exchange-springs in the Py/Gd film above and below HCR; d) Micromagnetic simulations of the magnetization curves for 
the Py/Gd films. Exchange stiffness (AInt) of the interfacial sublayers was varied to simulate reversals for the Py/Gd bilayers with 
(AInt = 1.5×10-7 erg/cm) and without the Au buffer (AInt = 2.5×10-7 erg/cm). 

 

FIG. 2. a) Temperature dependences of the magnetization for the [Py(1 nm)/Gd(1 nm)]25 film (open dots) and [Py(2 nm)/Gd(2 nm)]25 (solid 
dots) films; a dotted line is drawn to illustrate the contribution of the Gd-core sublayers to the total magnetization; schematic in the right 
upper corner illustrates material distribution and positions of the Py-core (orange) and Gd-core (blue) magnetic sublayers in the 
[Py(2 nm)/Gd(2 nm)]25 film; b) Experimental and c) simulated magnetization curves for the [Py(2 nm)/Gd(2 nm)]25 film at 10 K (green) 
and at the compensation temperature (black). Arrows illustrate the direction of magnetizations in the Py-core (thin solid arrow), Gd-core 
(thick solid arrow), and Mix (dashed arrow) sublayers. The insets at the upper-left and bottom-right corners of (c) illustrate magnetization 
configurations at 10 K and 176 K, respectively. 
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FIG. 3. X-ray reflectivity curves for the [Py(1 nm)/Gd(1 nm)]25 (black line) and [Py(2 nm)/Gd(2 nm)]25 (green line) films. Short-dashed 
lines illustrate the positions of the superlattice fringes for the latter film. 
 

 
FIG. 4. Temperature dependences of the resistance measured in 1-kOe (black line) and 100-kOe (blue line) longitudinal magnetic fields for 
the (a) [Py(1 nm)/Gd(1 nm)]25 and (b) [Py(2 nm)/Gd(2 nm)]25 films. Resistance of the (c) [Py(2 nm)/Gd(2 nm)]25 and 
(d) [Py(1 nm)/Gd(1 nm)]25 films as a function of longitudinal (black line) and transverse (red line) magnetic fields.  
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FIG. 5. Angular dependences of the resistance for the [Py(2 nm)/Gd(2 nm)]25 multilayer measured at 174 K and 176 K in 10-, 30-, 70-kOe 
magnetic fields. The top central insert demonstrates the direction of the stripe rotation. A zero angle corresponds to a position where the 
long edge of the stripe is along the magnetic field. The small insets near each curve depict the orientations of the magnetizations in the Py-
core (MPy) and Mix (MMix) sublayers when the valve is at a 90° position. 

 
FIG. 6. a) Experimental and b) simulated temperature dependences of the angle between magnetic field and a line along which the 
magnetizations in the [Py(2 nm)/Gd(2 nm)]25 film are predominantly aligned. 
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FIG. 7. The in-plane domain walls in Py(50 nm)/[Py(2 nm)/Gd(2 nm)]25 in high (a) and low (b) magnetic fields. Magnetization curves of 
Py(50 nm)/[Py(2 nm)/Gd(2 nm)]25 (solid dot – experimental data, solid lines – fits) and Py(50 nm)/[Py(1 nm)/Gd(1 nm)]25 (open dots – 
experimental data, short-dashed line – fits) at 10 K (c), and 100 K (d).  
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