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Engineering large perpendicular magnetic anisotropy in 
amorphous ferrimagnetic gadolinium cobalt alloys 

Karthik Srinivasan,*a Yulan Chen,b Ludovico Cestarollo,b Darrah K. Dare,c John G. Wrightc and Amal 
El-Ghazaly †a 

Amorphous magnetic alloys with large perpendicular magnetic anisotropy (PMA) have emerged as a suitable material choice 

for spintronic memory and high-frequency non-reciprocal devices on-chip. Unlike ferromagnets, ferrimagnets offer faster 

switching dynamics, lower net saturation magnetization, minimal stray field and a lower net angular momentum. 

Ferrimagnetic thin films of GdxCo1-x sputter deposited as heterostructures of Ta/Pt/GdxCo1-x(t)/Pt on Si/SiO2 have bulk-like 

PMA for thicknesses of 5-12 nm and room-temperature magnetic compensation for x=28-32%. Preferential oxygenation of 

GdCo has been found to increase the effective anisotropy energy density by an order of magnitude and produce near-ideal 

remanence ratios. X-ray photoelectron spectroscopy accurately quantifies the metal-oxidation ratio, which shows that an 

oxygen-rich and Co-deficient stoichiometry (Gd21Co28O51) likely weakens the ferromagnetic exchange interaction between 

Co-Co and contributes additional antiferromagnetic exchange through superexchange-like interactions between Gd and Co 

via O, resulting in a stronger out-of-plane magnetization. Even greater PMA and giant-anisotropy field of 11 kOe are achieved 

in super-lattices of the Gd21Co28O51 heterostructure. The combination of ferrimagnetic ordering in amorphous GdxCo1-x and 

its affordance of pathways for engineering large PMA will enable the design of integrated high-frequency devices beyond 

30 GHz and ultrafast energy efficient memory devices with switching speeds down to tens of picoseconds.

Introduction 

Amorphous ferrimagnetic alloys provide the ease of fabrication 

and processing and the strong exchange anisotropy necessary 

for integrated magnetic memories and high frequency devices. 

In particular, for magnetic random-access memory 

(MRAM), materials with perpendicular magnetic anisotropy 

(PMA) are preferred over in-plane magnets owing to high 

thermal stability in scaled-down dimensions. 1–4 An advantage 

of ferrimagnetic materials, such as those explored in this work, 

is that they still provide a distinct net moment, making it 

possible to detect their magnetization state, and much faster 

switching speeds can be achieved if large PMA is engineered in 

these materials. 5 Similarly, non-reciprocal devices such as 

circulators and isolators benefit from the microwave/mm-wave 

operation afforded by the large anisotropy of ferrimagnetic 

materials, but have historically only been available in bulk form 

and have required a high-temperature annealing processes to 

get the desired properties.6–8 Furthermore, an engineered PMA 

in thin-film ferrimagnetic devices provides the asymmetric 

permeability tensor with isotropic in-plane permeability 

necessary for the integration of microwave and mm-wave 

devices and an opportunity to break inversion symmetry to 

establish non-reciprocity. 9 

In this regard, the attractive physical properties of amorphous 

rare-earth (RE)-transition metal (TM) ferrimagnetic alloys and 

their ease of processing, makes them ideal materials choices for 

both MRAM and non-reciprocal high-frequency devices. 10–14 

Amorphous alloys containing TM elements (Fe, Co and Ni) and 

RE elements (Gd, Tb etc.) have antiparallel coupling due to 

exchange interactions between the d and f electrons even in the 

absence of a crystalline order.13,15 Varying the RE-TM atomic 

ratio controls the net magnetization and, for a certain 

composition (or temperature; TM), the net magnetization 

approaches a compensated state (MS ≈ 0), where the total 

angular momentum also approaches zero.16–18 As mentioned, 

the stiff negative exchange interaction in ferrimagnets provides 

the added benefits of high anisotropy energy density, reduced 

stray fields and improved resistance to external field 

perturbations. Additionally, the amorphous nature of these 

alloys makes it possible to integrate them monolithically 

without a high-temperature process. The desired strength of 

bulk-like PMA in heavy-metal/ferrimagnet heterostructures can 

be controllably designed for by varying the composition. In the 

case of a multi-repetition stack of RE-TM layers, an additional 

control knob for the anisotropy exists by varying the inter-layer 

dipolar interactions.  

In this paper, we engineer a large perpendicular magnetic 

anisotropy in GdxCo1-x alloys and define pathways to tune the 
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magnetic anisotropy through variations in alloy stoichiometry, 

incorporation of oxygen and multi-repetition heterostructures. 

GdxCo1-x is selected for a few reasons: (i) specific compositions 

of GdCo have a room-temperature magnetic compensation (or 

low total angular momentum)19, (ii) ultrafast magnetization 

dynamics and domain wall velocities > 1km/s are observed 
13,14,20,21  and (iii) effective fields from SOT being at least an order 

of magnitude greater than other RE-TM alloys like CoTb or 

CoFeGd.12,22–24  PMA in GdxCo1-x is a necessity if it is to be 

considered for the storage layer in MRAM or a bias-free 

microwave circulator, and it is typically achieved through 

heterostructures of heavy-metal (Pt and Ta)/ferrimagnetic 

layers14,19.  

However, several reports have shown that due the large 

negative enthalpy of RE for oxide formation, Gd in GdxCo1-x is 

prone to oxidation and consequently poor magnetic properties 

when capped with an oxide layer or a metal that tends to oxidize 

from high-temperature annealing.19,25,26 On the contrary, a few 

reports have instead shown an enhancement in PMA when 

reactive gases such as N2 or O2 are introduced in trace 

quantities.27–30 S. Esho showed that GdxCo1-x films sputtered 

with a partial pressure of N2 had better perpendicular 

anisotropy but a saturation magnetization that exhibited a 

steep dependence on the temperature about the compensation 

point.27 Similarly, Brunsch and Schneider showed that GdxCo1-x 

with an in-plane anisotropy develops a partial out-of-plane 

component when the alloy has a 15% atomic fraction of O2.28 

However, large dM/dT and mixed anisotropies (weak PMA) 

from in the magnetic layer are unsuitable for applications 

relying on SOT switching (or maximum torque) and isotropic in-

plane permeability. Therefore, through this work, we clarify the 

RE-TM chemistry and demonstrate that strong, well-controlled 

PMA is possible for a variety of Gd/Co compositions. Reactive 

oxygenation, which would have been deemed detrimental to RE 

cations, is instead shown to enhance PMA by at least an order 

of magnitude at a composition of Gd21Co28O51. Lastly, strong 

dipolar coupling is engineered in multi-repetition 

heterostructures of GdCo whose anisotropy fields are greater 

than 11 kOe and gyromagnetic resonance frequencies exceed 

30 GHz, corresponding to switching rates of less than 30 ps. 

Results and discussion 

Heterostructure engineering and Gd/Co composition dependence 

on PMA  

Polycrystallinity of the PMA heterostructure. Thin films 

containing Ta(3nm)/Pt(3nm)/GdxCo1-x(t)/Pt(5nm) were sputter-

deposited on Si/SiO2(3nm) substrates using Ar gas. The GdxCo1-

x(t) layer, in particular, was reactively sputtered in an ambient 

environment of Ar and a partial pressure of O2 with a flow rate 

of 0.5 sccm. The composition of the GdxCo1-x alloy was varied by 

changing the sputtering power for Gd target between 20-50 W, 

while maintaining the Co target at a constant power of 50 W. 

The thickness of the magnetic layer ranged from 4-12 nm 

depending on the sputter yields for the different compositions. 

PMA in GdxCo1-x is contingent upon the crystallinity of the 

underlying heavy-metal layer, which in this case is a 3 nm thick 

Pt. Polycrystallinity is measured from both intensity and the full-

width half maximum (FWHM) of the Pt(111) diffraction peak 

centered at 39.6°. A higher intensity and narrower FWHM of the 

Pt(111) peak indicates desired crystallinity and a low degree of 

crystalline disorder. X-ray diffraction (XRD) spectra in Figure 1(a) 

Figure 1. Role of Pt crystallinity and SiO2 in PMA Heterostructure. (a) X-ray diffraction spectra of polycrystalline Pt (111) sputtered on combinations of Ta and SiO2 underlayers 

with different thicknesses. (b) Hysteresis measurements of GdxCo1-x heterostructure deposited on Si substrates without SiO2 showing a lower remanence ratio and anisotropy 

field. (c) Hysteresis measurements of GdxCo1-x heterostructure deposited on Si/SiO2(3 nm) with larger remanence ratio and anisotropy field. 
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shows the degree of Pt crystallinity for different underlayers of 

Ta and SiO2; increased (poly-) crystallinity (narrow FWHM) in Pt 

was obtained when the underlying Ta had an optimal thickness 

of 3 nm. Similarly, the thickness of SiO2 also affects the 

polycrystallinity of the heavy-metal layers, which can affect the 

magnetic anisotropy of GdxCo1-x. A sensitive balance exists 

between the polycrystallinity of the underlying layers and the 

anisotropy of the GdxCo1-x as shown in Figure S1. The inclusion 

of a 3 nm SiO2 to the underlayer (Si/SiO2/Ta/Pt), further 

improves the remanence ratio (MR/MS ≈ 1) in GdxCo1-x 

compared to films deposited on pristine Si substrates (Si/Ta/Pt 

underlayers), where MR/MS < 0.75 or a thicker SiO2 (6 nm), 

where MR/MS < 0.1 as shown in Figures 1 (b) and (c) and in 

Figure S2 of the electronic supplementary information (ESI), 

respectively. 

Composition dependence on magnetic properties and PMA in 

GdxCo1-x. The ferrimagnetic ordering of the RE and TM moments 

facilitates the modulation of the magnetic properties of the 

GdCo alloy through changes in stoichiometry. Compositional 

analysis carried out using energy dispersive x-ray spectroscopy 

(EDS) in Figure 2(a) (and Figure S3 with oxygen) shows that the 

atomic fraction of Gd increases with the sputtering power and 

decreases when the sputtering power is > 45 W. This latter case 

suggests that, at high powers, the metal oxidation rate of the 

target surface is greater than the sputter rate in a reactive 

process, resulting in Gd-deficient compositions at higher 

sputtering powers. It is worth noting that the EDS error margin 

is ±5 to 8% and the reactive oxygen flow rate is kept constant 

at 0.5 sccm; the role of oxygen will be discussed in subsequent 

paragraphs.  

Magnetic characterization using a vibrating sample 

magnetometer (VSM) as shown in Figure S4 (ESI) reveals a room 

temperature compensation (at 300 K) for a Gd composition 

between x = 28% to 32% (XM), where the saturation 

magnetization approaches zero as seen in Figure 2(b). Another 

characteristic of the compensation point is a diverging 

coercivity, which is usually attributed to a single domain like 

behavior where the magnetization reversal process happens 

through coherent rotation.31 However, the data in Figure 2(b) 

shows that a large coercivity occurs for a narrow composition 

range of 20-25 Gd At%, which is below the magnetic 

compensation window. The MH measurements for samples in 

that composition range show that at lower Gd concentrations, 

the two magnetic sub-systems (Gd and Co) in the alloy undergo 

magnetization reversals with two distinct coercive fields 

resulting in a bow-tie shaped hysteresis loop (Figure S4(d)). This 

suggests that when Gd is introduced in a Co-rich amorphous 

matrix, there is a certain composition threshold below which 

the two cations tend to exist as distinct domains, and only at 

higher Gd compositions does the alloy phase dominate the 

magnetization reversal process. On the other hand, the lack of 

a diverging coercivity at the compensation point remains an 

open question and requires additional temperature-dependent 

Figure 2. Effect of Gd Composition on PMA in partially oxidized GdxCo1-x. (a) Atomic percentages of Gd and Co for different Gd sputtering powers obtained through energy 

dispersive x-ray spectroscopy (EDS). The error bars correspond to one standard deviation from an average of 9 measurements. (b) Compositional dependence of saturation 

magnetization and coercivity of GdxCo1-x thin films. The compensation window between 28-32 Gd At% is indicated by the shaded region. (c) Temperature-dependent 

magnetization measurement of a Gd-rich alloy (Gd35.83Co64.17) at H = 1400 Oe shows a compensation temperature of 310 K. (d) Effective anisotropy energy density for different 

Gd atomic fractions calculated from the corresponding hysteresis measurements showing a divergence about the compensation window. Dashed lines in panels (b)-(d) are for 

visualization of the relevant trends. The films here are sputtered with 0.5 sccm of oxygen and are partially oxidized.
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measurements to be fully understood but are outside the scope 

of the current discussion. 

Other researchers have observed a compensation point 

between x = 21-26% in GdxCo1-x synthesized without oxygen.18,19 

In the oxygen-containing compositions reported in this paper, 

the oxidation of the Gd and Co cations reduces their respective 

magnetic moments, and for Gd-rich (or Co-deficient) 

compositions (x > 32), TM > 300 K, and for Gd-deficient (or Co-

rich) compositions (x < 28), TM < 300 K. Figure 2(c) shows the 

temperature dependent magnetization in a Gd-rich alloy that 

has a compensation temperature of 310 K (above room 

temperature) and a weak temperature dependence in the 100 

K – 250 K range owing to the oxidation of some of the Gd 

cations. 

The hysteresis measurements (MH) at 300 K in Figure S4 show 

that thin-film heterostructures of GdxCo1-x for Gd compositions 

between x = 18-39 have PMA. For an MH measurement with n 

number of field steps, the equation below describes how the 

effective anisotropy energy density can be calculated from the 

difference in area under the easy and hard axis MH curves in the 

first quadrant. 

𝐾𝑒𝑓𝑓 = ∑ [
𝑀(𝑛) + 𝑀(𝑛 + 1)

2
∗ [𝐻(𝑛 + 1) − 𝐻(𝑛)]]

𝑂𝑂𝑃

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑛=0

− ∑ [
𝑀(𝑛) + 𝑀(𝑛 + 1)

2

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑛=0

∗ [𝐻(𝑛 + 1) − 𝐻(𝑛)]]

𝐼𝑃

                     (1) 

Further, the uniaxial anisotropy energy density (𝐾𝑢) is 

expressed as the sum of the effective anisotropy and the shape 

anisotropy (assuming a thin film with demagnetization factor of 

4𝜋), 

𝐾𝑢 = 𝐾𝑒𝑓𝑓 + 2𝜋𝑀𝑆
2                (2) 

Effective anisotropy calculated from the relations of anisotropy 

field (HK) and saturation magnetization (MS), where 𝐾𝑒𝑓𝑓 =

(𝐻𝑘𝑀𝑆)/2, overestimates the anisotropy energy density by 

assuming a near-ideal hard-axis hysteresis behavior. The area-

method accounts for non-ideal hard-axis curves and provides an 

accurate measure of the anisotropy energy density. Figure 2(d) 

shows that 𝐾𝑒𝑓𝑓  increases with Gd atomic fraction and is 

positive for all GdxCo1-x compositions. For Gd atomic percentage 

> 36, the anisotropy energy density decreases, likely from 

excessive RE-oxidation at higher sputtering powers. While 𝐾𝑒𝑓𝑓  

is not calculated for samples in the compensation window due 

to poor signal to noise ratio in the MH measurements, a large 

𝐾𝑒𝑓𝑓  (and strong PMA) is observed in slightly Gd-rich 

compositions at x > XM. However, the stark contrast in the 

effective anisotropy of samples having similar Gd compositions 

(35.78% and 35.83%) sputtered at 35 W and 40 W, respectively, 

could be a consequence of varying extent of cation oxidation in 

the alloy. This disparity in anisotropy motivates the need to 

understand the role of oxygen as elucidated in the following 

section.  

Role of oxygen incorporation on PMA in Gd35-xCo65-yOx+y 

Magnetic properties of Gd35-xCo65-yOx+y. The role of oxygen in 

GdxCo1-x alloys has been contradictory in the literature, where it 

is either discussed as a detriment to the RE cation or a benefit 

to the PMA in the alloy.25–28 Even in the report that proposes 

the latter, only partial PMA is achieved with trace amounts of 

oxygen, precluding them from being used for SOT devices.28 A 

thorough consideration of reactive oxygen is lacking. 

Considering the practical difficulties in regulating trace O2 

composition in partially-oxidized GdxCo1-x, this work particularly 

focuses on the role of sub-1 sccm O2 flow rates in a reactive 

sputtering process, which can be achieved using a standard 

mass flow controller (MFC). While the oxygen content was 

regulated using the MFC, the argon flow rate and Gd (35 W)/Co 

(50 W) sputtering powers are held constant. This ensures that 

the resulting variation in oxygen content in the thin film is 

independent of any variation in the Gd and Co content in the 

film and their affinities to oxygen. The MH measurements 

(Figure 3(a)-(b)) of Gd35Co65 heterostructures sputtered in a 

reactive ambient of O2 reveal that PMA with a large remanence 

ratio (MR/MS > 0.95) is obtained for an optimal flow rate of 0.5 

sccm, while samples sputtered at 0.3 and 0.8 sccm of O2 had 

weaker PMA and a smaller remnant magnetization (MR/MS < 

0.4). Furthermore, an increase in oxygen flow rate decreases 

the saturation magnetization due to oxidation of the Gd and Co 

in the alloy. The effective anisotropy energy densities (𝐾𝑒𝑓𝑓) 

calculated from the hysteresis measurements shows that 𝐾𝑒𝑓𝑓  

increases to 1x105 erg cc-1 at 0.5 sccm O2, an order of magnitude 

greater than the 𝐾𝑒𝑓𝑓  for a sample sputtered without O2 and 

decreases for higher oxygen flow rates, as shown in Figure 3(c). 

The hysteresis measurements with an extended range of the 

magnetic field (between +5 kOe and -5 kOe), are shown in 

Figures S5 and S6, and a summary of effective anisotropy energy 

and in-plane saturation fields are provided in Table S1. 

Characterization of oxygen using X-ray photoelectron 

spectroscopy. It is evident that for excessive O2 flow rates, the 

RE and TM oxidize, deteriorating the PMA and magnetization in 

GdxCo1-x heterostructures. However, it is worth exploring the 

cation to oxygen ratio that favors PMA at the optimal 0.5 sccm 

flow rate and the mechanism for the increase in anisotropy with 

increasing O2 flow rate up to 0.5 sccm. X-ray photoelectron 

spectroscopy (XPS) and ion milling are used in conjunction to 

examine the binding energies of the Gd, Co and O in the Gd35-

xCo65-yOx+y layer of the thin-film heterostructure. For a sample 

deposited at 0.3 sccm O2, high-resolution XPS spectra shown in 

Figure 4(a)-(c) reveals a Gd:Co ratio of 1:2, and a cation to 

oxygen (R:O) ratio of 64:36, which results in a stoichiometry of 

Gd21Co43O36. The Gd 4d5/2 and 4d3/2 core-level transitions are fit 

with two asymmetric Lorentzian peaks (at 141.4 and 148.2 eV) 

that are constrained in their areas according to the d-shell spin-

orbit splitting, and an additional peak at 144 eV for the oxide 

that appears as a shoulder to the 4d5/2 peak. On the other hand, 

the 2p3/2 peak is fit for Co using an asymmetric Lorentzian with 

an exponential tail (at 777.9 eV) and a phonon loss peak at 783.4 

eV. The Co oxide peak is typically found at energies greater than 

the core-level peak, and here, this is modelled using a peak at 
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780.8 eV, with a difference of 2.9 eV from the 2p3/2 peak. 33–35 

Oxidation of the cations also decreases the binding energy of 

oxygen, and this is seen in the O 1s peak at 529.4 eV (∆=1.6 eV 

from elemental O 1s peak), which corresponds to oxides of both 

Co and Gd, while the higher energy peak at 531.6 eV is 

attributed to a non-stoichiometric hydroxyl group bonded to 

Gd.36,37  While it is not possible to deconvolute the contributions 

of Gd and Co oxides from the O 1s peak, the XPS spectra of Gd 

and Co indicate that a larger fraction of Gd is oxidized compared 

to Co. Although the samples are capped with a protective 5 nm 

Pt layer which prevents surface OH-1 adsorption after 

deposition, it is possible that some water vapor might enter the 

deposition chamber from the load lock during sample transfer 

due to imperfect vacuum conditions. Full range survey spectra 

of the XPS measurements are shown in Figure S7 in the ESI. 

 

Figure 3. Role of reactive O2 in the PMA of GdxCoyO1-x-y. (a) Out-of-plane hysteresis measurements from GdxCo1-x samples sputtered with different oxygen flow rates. The 

saturation magnetization is normalized to the largest value to represent the gradual decrease due to oxygen flow. (b) In-plane hysteresis measurements from the same 

samples show clear preference to perpendicular magnetization. (c) Variation of effective anisotropy energy density with oxygen flow rate indicates an optimal flow rate where 

the anisotropy is maximum.

Figure 4. XPS analysis of reactive O2 in GdxCoyO1-x-y. High-resolution XPS spectra for Gd 4d, Co 2p and O 1s peaks from samples sputtered with 0.3 sccm of O2 in panels (a)-(c) 

and with 0.5 sccm of O2 in panels (d)-(f). The key difference in the peak-ratios for the different oxygen flow rates can be observed in panels (c) and (f). The vertical dashed 

lines and corresponding labels indicate the peaks and their positions of the hybrid Gaussian-Lorentzian profiles used to fit the spectra.
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Table 1. Summary of binding energies for Gd, Co and RE-TM oxides. 

(a)The FWHM is given in the parentheses. 

Similarly, at a higher flow rate of 0.5 sccm, as shown in Figure 

4(d)-(f), the Gd:Co ratio is 3:4 and the R:O ratio is 1:1, with an 

oxygen-rich stoichiometry of Gd21Co28O51. The peak positions 

and the full width at half maximum intensity (FWHM) for the 

different Gd, Co and O peaks are given in Table 1. Here, in 

addition to the expected cation oxidation, a larger fraction of Co 

is oxidized in comparison to the sample sputtered at 0.3 sccm 

O2 flow rate. A higher oxidation fraction of cations can be seen 

from the XPS spectra for O 1s (Figure 4(f)), where the peak at 

529.7 eV corresponding to Gd/Co oxide is prominent compared 

to the peak for the hydroxide at 531.8 eV.  Preferential 

oxidation of cobalt at higher oxygen flow rates is likely due to 

DC magnetron sputtering of cobalt (as opposed to the RF 

magnetron sputtering of gadolinium), which lacks the 

alternating RF voltage that deoxidizes the target every half 

cycle. Comparison of atomic fractions of Gd, Co and O obtained 

from XPS spectra for the samples sputtered at 0, 0.3, and 0.5 

sccm O2 flow rates shows that the Gd atomic fraction remains 

constant, while the Co atomic fraction decreases 

commensurately with higher oxygen flows. This is also reflected 

in the stoichiometry at higher oxygen flow rates, which is cobalt 

deficient due to reduced sputter yield. Interestingly, the atomic 

fraction of hydroxide remains constant about 19-21% across 

samples sputtered at 0, 0.3 and 0.5 sccm of O2 flow (Table S2 in 

ESI), indicating that hydroxyl contamination is independent of 

the reactive flow rates. A summary of the binding energies in 

the RE-TM metals and oxides for the different oxygen flow rates 

is given in Table 1. 

The role of oxygen in the PMA of GdxCo1-x is further illustrated 

in Figure S8 (in the ESI) through two cases of Gd35Co65 sputtered 

at a lower O2 flow rate of 0.3 sccm, but from targets that are 

either (i) pristine and metallic or (ii) partially oxidized. The films 

sputtered from metallic targets with sub-optimal O2 flow rates 

have a weak PMA (𝐾𝑒𝑓𝑓  = 7.8 x 104 erg cc-1) and small 

remanence ratio (MR/MS = 0.15), as shown in Figure S8(a). 

However, the films sputtered from targets exposed (or 

“seasoned”) to 5 mTorr of O2 for 60 s prior to reactive 

sputtering, demonstrate a strong PMA (𝐾𝑒𝑓𝑓  = 1.7 x 105 erg cc-

1) with a remanence ratio (MR/MS) of 0.75, as shown in Figure 

S8(b). This implies that at specific oxygenation ratios (R:O), 

strong PMA is possible.  

Superexchange-like interactions in Gd-O-Co. PMA in GdxCoyO1-

x-y can be understood by considering the structure and the 

different exchange interactions between the RE-TM cations and 

the oxygen anion. Previous works have shown that oxidation of 

GdxCo1-x results in a structural transformation from an 

amorphous alloy to amorphous oxide.38,39 Here, XRD spectra 

(Figure S9) from GdCoO shows that the alloys are amorphous 

for all oxygen flow rates, which means the magnetic properties 

are a consequence of the exchange interactions in the absence 

of a long-range structural order. In pure GdCo (non-

oxygenated), the exchange energies JGd-Gd and JCo-Co for the Gd-

Gd and Co-Co dipolar interactions, respectively, are positive, 

denoting a ferromagnetic alignment, while the JGd-Co energy for 

the Gd-Co dipolar interaction is negative, denoting an 

antiferromagnetic alignment.40–42 However, with the 

introduction of oxygen, additional interactions such as the 

superexchange-like coupling between the magnetic cations 

(R:Gd,Co) via the non-magnetic anion (O) must be taken in to 

consideration. Then, the net exchange interaction in the 

material system can be represented as a sum of all possible 

dipolar interactions, as shown in equation 3.  

𝐽𝑒𝑥 = 𝐽𝐺𝑑−𝐺𝑑 + 𝐽𝐺𝑑−𝐶𝑜 + 𝐽𝐶𝑜−𝐶𝑜 + 𝐽𝐺𝑑−𝑂−𝐺𝑑 + 𝐽𝐺𝑑−𝑂−𝐶𝑜

+ 𝐽𝐶𝑜−𝑂−𝐶𝑜        (3) 

The first three are those of pure GdCo and result in an effective 

exchange energy that is negative and represents anti-parallel 

orientation that is perpendicular to the plane of the film; the 

latter three arise when oxygen is introduced to the film. Usually, 

the exchange energies corresponding to Gd-Gd (and Gd-O-Gd) 

interactions are much smaller than those of Gd-Co or Co-Co 

pairs and can be ignored from further consideration. In the 

presence of oxygen, XPS measurements indicate that Co is 

preferentially oxidized and that the alloys are Co-deficient, both 

of which signify a weaker (or less positive) JCo-Co, and stronger 

(or more negative) JGd-O-Co and JCo-O-Co. Ignoring the weak 

contributions of Gd-Gd interactions, the effective exchange 

energy is larger and negative, suggesting a strong PMA in the 

oxygenated alloy GdxCoyO1-x-y. 

O2 Flow Rate 

(sccm) 

Binding Energies (eV) and Full Width at Half Maximum Intensity; FWHM(a) (eV) 

Gd 4d Co 2p O 1s 

Gd 

4d5/2 
Gd 4d3/2 Gd Oxide Co 2p3/2 Co Oxide 

Co Phonon 

Loss 

Gd/Co 

Oxide 
OH 

0 
141 

(2.7) 
147.7 (2.7) 

143.3 

(4.01) 
777.8 (1.2) 780.3 (1.9) 782.5 (3) 

529.2 

(1.05) 

531.4 

(2.02) 

0.3  
141.4 

(2.98) 

148.2 

(2.98) 
144 (4.04) 778 (1.25) 

780.9 

(2.31) 
783.4 (3) 

529.4 

(1.07) 

531.6 

(1.82) 

0.5 
141.4 

(2.82) 
148 (2.82) 

143.5 

(4.42) 

778.2 

(1.36) 

781.4 

(2.63) 
784.3 (3) 

529.7 

(1.24) 

531.8 

(2.04) 
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Ultra-high anisotropy in multi-repetition heterostructures 

The largest anisotropy energy density that is obtained through 

variations in composition and reactive oxygen flow is 1 x 105 erg 

cc-1, with an anisotropy field (Hk) of 3.3 kOe that corresponds to 

an operating frequency under 10 GHz. In order to achieve 

ultrafast switching speeds or microwave/mm-wave operation, 

an anisotropy field at least three times greater is required. The 

pathways for increasing the anisotropy field usually rely on the 

crystalline structure (or growth along a crystallographic 

direction), or magnetoelasticity. However, the lack of crystalline 

order in amorphous GdxCo1-x alloys means that long-range 

isotropic order or strong magnetocrystalline anisotropy is not 

possible. Moreover, amorphous GdxCo1-x has a smaller 

magnetostriction constant (𝜆𝑠 = 8.34 × 10−6) than other soft 

ferrites (such as garnets or spinels), resulting in weak 

magnetoelastic anisotropy.43,44 Therefore, neither 

magnetocrystalline nor magnetoelastic anisotropy, can be 

utilized here to amplify the PMA in GdxCo1-x. 

Multi-repetition heterostructures are a feasible way to increase 

the anisotropy field, which, in this case, sees a large 

contribution from the strong dipolar coupling between the 

magnetic layers. Similar approaches have been implemented 

with Co and CoFeB, but the critical thickness for PMA in a single 

layer (typically around 1 nm in thickness) prevents the overall 

heterostructure from having a large magnetic volume 

fraction.45,46 Here, Gd21Co28O51 (11 nm) with bulk like PMA are 

deposited as super-lattices with up to 10 repetitions of the 

heterostructure unit cell 

([SiO2(3nm)/Ta(3nm)/Pt(3nm)/Gd21Co28O51(11nm)/Pt(5nm)]n). 

Figure 5(a)-(b) shows that the saturation field (including the 

effect of shape anisotropy) for the in-plane loop increases with 

the number of repetitions in the super-lattice and approaches 

15 kOe for n = 10. The effective anisotropy energy density in 

Figure 5(c) shows that 𝐾𝑒𝑓𝑓  increases by an order of magnitude 

in the heterostructure with 10 repetitions compared to a single 

heterostructure. The effective anisotropy energy density (𝐾𝑒𝑓𝑓) 

for n = 10 is 2.13 x 105 erg cc-1, which results in an anisotropy 

field (excluding shape anisotropy) of 11 kOe for a saturation 

magnetization (MS) of 42 emu cc-1. This corresponds to a 

ferromagnetic resonance (FMR) frequency exceeding 30 GHz, 

and a switching speed less than 30 ps, which is significantly 

faster than currently researched ferromagnets. 

Conclusions 

In summary, three distinct pathways are explored to improve 

perpendicular magnetic anisotropy in heterostructures of 

Si/SiO2(3nm)/Ta(3nm)/Pt(3nm)/GdxCo1-x(t)/Pt(5nm) through 

variations in composition, changes in reactive oxygen flow 

rates, and construction of multi-repetition heterostructures. 

Changes to the RE-TM ratio results in a magnetic compensation 

point for alloys with a composition between x = 28-32%, where 

the saturation magnetization approaches zero, and effective 

anisotropy energy density (𝐾𝑒𝑓𝑓) diverges around XM. 

Temperature dependent magnetic properties show that Co-

deficient alloys with x > XM have a compensation temperature 

TM > 300 K. An optimal oxygen flow rate of 0.5 sccm, which 

corresponds to a cation to oxygen (R:O) ratio of 1:1 is found to 

produce a strong PMA with a 𝐾𝑒𝑓𝑓  = 1 x 105 erg cc-1, an order of 

Figure 5. Large anisotropy fields from PMA heterostructure super-lattices. Hysteresis measurements of super-lattices with (a) n = 1, 2, 4 and (b) n = 6, 8, 10 repetitions of the 

Gd21Co28O51 PMA heterostructures. Solid lines correspond to the out-of-plane measurements and the dotted lines correspond to the in-plane measurements. The insets show 

the desired out-of-plane hysteresis behavior at low fields in the multi-repetition heterostructures. (c) Effective anisotropy energy density and anisotropy field as a function of 

the number of repetitions of the heterostructure unit-cell. The dashed line is for visualization of the increasing anisotropy field.
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magnitude greater than alloys sputtered without oxygen. XPS 

analysis showed that Co oxidizes preferentially at higher oxygen 

flow rates leading to a Co-deficient stoichiometry of 

Gd21Co28O51 and reduced saturation magnetization 

accompanying the stronger PMA. Lastly, through dipolar 

coupling in a multi-repetition heterostructure, a large effective 

anisotropy (𝐾𝑒𝑓𝑓) of 2.13 x 105 erg cc-1 and a giant anisotropy 

field (HK) of 11 kOe is achieved with 10 repetitions of the PMA 

heterostructure containing Gd21Co28O51. Therefore, control of 

perpendicular magnetic anisotropy in ferrimagnetic GdxCo1-x 

alloys using composition, oxygenation, and dipolar stacking will 

pave the way for integrated non-reciprocal devices in the 

upper-microwave/mm-wave bands and ultrafast high-density 

magnetic memory devices that approach switching speeds 

down to 30 ps. 

Experimental 

Sputter Deposition of GdxCo1-x PMA Heterostructures 

Thin films of GdxCo1-x were co-sputtered from Gd and Co 

metallic targets from RF and DC magnetron sources, 

respectively, in a reactive ambient of argon (ultra-high purity, 

99.999%) and oxygen (99.999%) at a process pressure of 3 

mTorr. The base pressure was below 5 x 10-8 Torr. The 

sputtering power for Gd target was varied between 20-50 W, 

while maintaining the Co target at a constant power of 50 W.  

Oxygen flow rates were controlled using a mass flow controller 

(MFC) that has a range of 0.3-10 sccm with a resolution of 0.1 

sccm. Argon flow rate was kept constant at 38 sccm. Other 

layers in the heterostructure such as Pt and Ta were sputter 

deposited from DC targets and SiO2 from an RF source. The 

deposition rates for the metallic and oxide species were pre-

determined using a crystal monitor, and thicknesses were 

verified by profilometer measurements using a KLA Tencor P-16 

surface profilometer.  

Structural and Elemental Characterization 

Structural characterization of the Pt layers was carried out using 

a Rigaku SmartLab from a theta-two theta (𝜃 − 2𝜃) scan. The Pt 

(111) orientation observed at 39.6° was used to quantify the 

crystallinity of the thin film. The diffraction peak was verified by 

comparing it to the powder diffraction pattern 243678 for Pt 

from the Inorganic Crystal Structure Database (ICSD). Elemental 

composition was determined using an Oxford Instruments 

Ultim Max energy dispersive x-ray spectroscopy (EDS) detector 

in a Zeiss Gemini 500 scanning electron microscope (SEM). The 

beam was set to 20 keV and quantitative data processing was 

carried out in the Aztec Nanoanalysis software by Oxford 

Instruments. The atomic fractions reported in this work are an 

average of 9 measurements from different areas of the sample 

with an error margin of 5-8%.  

Magnetic Measurements 

Magnetic hysteresis measurements (or M vs H loops) were 

recorded using a Lake Shore Cryotronics 8600 Series vibrating 

sample magnetometer (VSM) at room temperature. The 

saturation magnetization (MS), remanent magnetization (MR) 

and coercive field (HC) were obtained from the MH loops. A 

maximum field of 1.5 T (or 15 kOe) was applied to each sample 

during measurement, and data from a narrow range of 

magnetic fields is presented for clarity, where applicable. 

Effective anisotropy energy densities are extracted from the 

difference in area under the anhysteretic M-H curves for the 

out-of-plane and in-plane measurements from the first 

quadrant. Anhysteretic curves are the average between the two 

magnetization curves in the first quadrant corresponding to 

field sweeps between 0 to 15 kOe and 15 kOe to 0 Oe.  

Temperature-dependent magnetic property measurements 

were carried out in the VSM mode of a Quantum Design 

DynaCool physical property measurement system (PPMS). The 

sample was mounted in an in-plane geometry such that the 

magnetic field is parallel to the surface of the film. Temperature 

was swept from 100 K to 350 K in an applied field of 1400 Oe, 

sufficient to saturate the sample. A relatively low field for 

measurement was chosen to eliminate background noise from 

the substrate holder. Integration time for each measurement 

was increased for better sensitivity near the compensation 

region. 

Oxygen Quantification using Surface Probe Analysis 

Samples were analyzed using a Surface Science Instruments 

SSX-100 ESCA Spectrometer with operating pressure of 1x10-9 

Torr. Monochromatic Al Kα x rays (1486.6 eV) with a source size 

of 500 μm for the survey scans and depth profiles were used to 

collect photoelectrons from a 1 × 2 mm spot at the sample. 

Photoelectrons were collected at a 55° emission angle with 

source to analyzer angle of 70°. A hemispherical analyzer 

determined electron kinetic energy, using a pass energy of 150 

eV for survey scans, and 50 eV for high resolution scans. The 

heterostructures were milled using an ion beam at an etch rate 

of 1.8 Å/𝑠 and measurements after 49 seconds of etching 

corresponded to center of the GdxCo1-x layer. XPS data 

quantification – such as peak fitting, determining atomic 

percentage were conducted using CasaXPS. The line shape is an 

asymmetric Lorentzian (LA(𝛼, 𝛽, 𝑚)), which is a convolution of 

Gaussian with a Lorentzian that produces asymmetric Voight-

like profiles.  The values 𝛼, 𝛽 control the spread of the 

Lorentzian tail on either side of the peak maximum, giving rise 

to asymmetric profiles and m defines the width of the Gaussian 

that is convoluted with the Lorentzian line shape. A line shape 

of LA(1.5,243) is used to fit the Gd 4d, O 1s and Co loss peaks, 

while a line shape of LA(1.3,5,12) is used to fit the Co 2p3/2 peak 

that requires an asymmetric tail on one side of the peak 

maximum. All analyses are carried out with a Shirley-type 

background. 
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