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Magnetic compensation in ferrimagnets plays an important role in spintronic and magnetic

recording devices. Experimental results have demonstrated a thickness dependence of the

compensation temperature (Tcomp) in amorphous TbFeCo thin films. It was speculated that this

thickness dependence originated from a variation in the short-range order. In this work, we have

investigated the depth-resolved compositional and magnetization profiles using polarized neutron

reflectometry. We find that although the composition is uniform across the film thickness, near the

substrate interface, the magnetization exhibits a different temperature dependence from that of the

rest of the sample. Monte Carlo simulations show that it is this difference in interfacial magnetiza-

tion that causes the aforementioned thickness dependence of the compensation. These results dem-

onstrate the critical role of the substrate interface in determining the magnetic properties of

amorphous ferrimagnetic thin films for spintronic applications. Published by AIP Publishing.
https://doi.org/10.1063/1.5050626

Amorphous ferrimagnetic rare-earth-transition-metal

(RE-TM) alloys have been investigated extensively for

magneto-optical recording because of their perpendicular

magnetic anisotropy (PMA).1–3 The origin of the PMA was

suggested to be the pair ordering or bond-orientation anisot-

ropy induced from the growth of the amorphous thin

films.4–8 Apart from PMA, critical properties of the RE-TM

alloys include the compensation temperature (Tcomp), where

the moments of the two opposite RE and TM sublattices

compensate each other. At Tcomp, vanishing magnetization

could be achieved for a range of compositions. Besides the

composition, the ferrimagnetic compensation also depends

on the film thickness. It was speculated that this thickness

dependence of Tcomp originates from variations in the short

range order.9,10 Thanks to this compensation, the RE-TM

alloys continue to attract great interest for applications in

high-density low-current spintronic devices and ultrafast

magnetic recording.11–23 For example, intrinsic exchange

bias has been reported in compensated amorphous TbFeCo

thin films.12 The unidirectional exchange anisotropy is

caused by a very large coercive field induced from a combi-

nation of PMA and reduced magnetization.

Another emerging area for RE-TM alloys is all-optical

switching (AOS). AOS was first discovered in amorphous

GdFeCo thin films using a circularly polarized laser by

Stanciu et al.13 The antiferromagnetic (AFM) coupling, the

two opposite and very different sublattices, and PMA have

been highlighted as the essential ingredients for designing

AOS devices.18 More recently, skyrmions were demon-

strated to be driven under ultralow currents as topologically

protected solitons.20,21 The RE-TM system can host sky-

rmions because of its superexchanged sublattices.22 The

dynamics of ferrimagnetic skyrmions have been theoretically

studied close to the angular momentum compensation

point.23

In the past, spin values and effective exchange interac-

tion energies were extracted from the experimental results

via simple mean-field analysis. With the growing power of

modern computing, numerical modeling has become an

essential tool to provide a deeper understanding of complex

ferrimagnetic systems including both static and dynamic

properties.24–26 For magnetic modeling, several methods

have been developed including Monte Carlo sampling,27–31

the atomistic Landau-Lifshitz-Gilbert (LLG) algo-

rithm,24,32,33 and the micromagnetic Landau-Lifshitz-Bloch

(LLB) algorithm.34,35

In this work, the thickness dependence of Tcomp in amor-

phous TbFeCo thin films was investigated. Depth-resolved

profiles of the composition and magnetization were mea-

sured through polarized neutron reflectometry (PNR). The

composition is revealed to be uniform throughout the sam-

ples. Near the interface with the substrate, magnetization and

Tcomp were revealed to be different from those of the rest of

the sample. Using Monte Carlo samplings, the magnetization

profile was reproduced as a function of temperature to com-

pare to PNR results. The total magnetization and Tcomp cal-

culated using this model are in good agreement with

experiments. This result provides evidence that the interfa-

cial region of RE-TM alloys exhibits different magnetic

properties from the bulk region, which can have a significant

influence on the development of ultra-thin devices.

Amorphous Tb26Fe64Co10 thin films were prepared with

thicknesses of 20 nm to 120 nm on thermally oxidized Si

substrates by RF magnetron sputtering at room temperature.

The base pressure was 0.07 mPa, and the deposition was car-

ried out under an Ar pressure of 133 mPa by sputtering a sin-

gle TbFeCo target. A 5 nm Ta capping layer was deposited
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on the samples to prevent oxidation. Thickness measure-

ments were performed by the X-ray reflectivity (XRR) tech-

nique using Rigaku SmartLab (Note: Certain commercial

equipment is identified in this paper to foster understanding.

Such identification does not imply recommendation or

endorsement by NIST nor does it imply that the materials or

equipment identified are necessarily the best available for

the purpose.). The magnetic properties at various tempera-

tures were characterized using a vibrating sample magne-

tometer (VSM) option in a Quantum Design Versa Lab

system.

Polarized neutron reflectometry (PNR) measurements

were conducted using the PBR beamline at the NIST Center

for Neutron Research. Temperature-dependent PNR mea-

surements were performed in a 3 T in-plane field. The non-

spin-flip reflectivities Rþþ and R�� were measured as func-

tions of wavevector transfer Q along the sample surface nor-

mal direction. Data reduction and model fitting were

performed with the reductus36 and Refl1D software pack-

ages,37 respectively. Via modeling, we determined the depth

dependence of the neutron scattering length density, q,

which has both a nuclear component (related to the nuclear

composition of the sample) and a magnetic component (pro-

portional to the in-plane magnetization).38 The reported

uncertainties correspond to one standard deviation, with the

exception of PNR fitting parameters, for which we use two

standard deviations.

VSM was used to measure the temperature dependence

of magnetization of TbFeCo thin films following a field and

temperature treatment. First, the temperature of the samples

was raised from room temperature to 375 K in zero mag-

netic field. Second, a magnetic field of 3 T was applied in

the out-of-plane direction to fully magnetize the samples.

Third, the magnetic field was removed (the sample magne-

tization was maintained due to the strong PMA). Following

those steps, the temperature-dependent magnetization was

measured from 375 K to 200 K in zero magnetic field, as

shown in Fig. 1(a).

From Fig. 1(a), the remanent magnetization decreases as

temperature decreases for all thicknesses. It goes from posi-

tive at 375 K to negative at 200 K. At 375 K, since the sam-

ples are fully magnetized in the 3 T applied field, samples of

all thicknesses have positive remanent magnetization. As the

temperature cools down from 375 K, the Tb sublattice mag-

netization progressively increases in magnitude while retain-

ing a negative orientation with respect to the applied field.

At Tcomp, the magnetic moments of the antiferromagnetically

coupled Tb and FeCo sublattices completely cancel and the

total magnetization of the sample goes to zero. Below Tcomp,

the total moment of the Tb sublattice is larger than the total

moment of the FeCo sublattice, and the net magnetization

becomes negative. As shown in Figs. 1(a) and 1(b), Tcomp

increases for samples with a higher thickness. This implies a

greater weight of FeCo sublattice moment in thinner sam-

ples. In Fig. 1(b), Tcomp is plotted as a function of thickness.

Tcomp of 20 nm, 40 nm, 80 nm, and 120 nm is 278 6 5 K,

336 6 1.5 K, 358 6 1.5 K, and 372 6 2.5 K, respectively. As

the thickness increases, the increment of Tcomp reduces and

begins to level off. This implies that the thickness depen-

dence may originate from an interfacial effect. The varia-

tions in error measurements are primarily due to background

noise in the magnetic moment measurement. The Tcomp of

the 120 nm thick film, being close to upper bound of the

accessible temperature range (375 K), also increases the error

in the experiment.

To investigate the origin of thickness dependence of

Tcomp in TbFeCo thin films, we employed PNR to measure

the compositional and magnetic depth profiles of magnetiza-

tion of the samples. Figure 2(a) shows the model-fitted tem-

perature dependent scattering data for the 80 nm TbFeCo

plotted as spin asymmetry (the difference in Rþþ and R��

divided by the sum). The results demonstrate a clear tempera-

ture dependence due to the ferrimagnetic nature of this film.

Figure 2(b) presents the scattering length density profiles cor-

responding to the fits in (a). The nuclear profile shows clear

steps associated with the SiO2 substrate, TbFeCo film, and Ta

capping layer. Notably, the data are consistent with a TbFeCo

layer that is compositionally uniform throughout its thickness,

evident by the flat nuclear profile. Conversely, the data cannot

be fitted using a uniform magnetic profile. Two magnetic sub-

layers are required, one 5 nm thick at the substrate interface

and another corresponding to the remainder of the film thick-

ness. Interestingly, the magnetic scattering length densities of

these two regions exhibit different temperature dependencies.

Figure 2(c) summarizes the temperature-dependent magnetic

profiles of the two regions in units of magnetization. From

100 K to 300 K, the magnetization of the interfacial region

increases with temperature. Tcomp of the interfacial region is

about 100 K. On the other hand, the magnetization of the rest

of the sample decreases as temperature increases, demonstrat-

ing that Tcomp of the rest of the sample is above 300 K.

Similar temperature-dependent behavior of the magnetization

is also observed in the 20 nm film, which is provided in the

supplementary material. The origin of this interfacial layer is

FIG. 1. (a) Temperature dependence of

remanent magnetization (MR) of 20 to

120 nm amorphous Tb26Fe64Co10 thin

films from 200 K to 375 K. (b)

Thickness dependence of the compen-

sation temperature in amorphous

Tb26Fe64Co10 thin films.
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likely due to variations in short range order of GdFeCo near

the interface. Further experiments are needed to reveal the

exact origin.

Based on the PNR results, the Monte Carlo Metropolis

sampling method39 is employed to reproduce the magnetiza-

tion as a function of temperature for both regions. Classical

atomistic spin Hamiltonian is utilized to find the ground

state of the system. Values of exchange couplings (Jij) were

taken from Ostler et al.24 In this simulation, amorphous

TbX(FeCo)1-X is modeled using a chemically disordered face-

centered cubic (FCC) lattice. As such, 32� 32� 32 atoms are

randomly distributed in FCC cells. The magnetization vs. tem-

perature is simulated through Monte Carlo samplings in 25 K

temperature intervals from 1600 K to 0 K. Figure 3 presents

the simulated magnetization vs. temperature of the interfacial

region and the bulk region. In Fig. 3(a), the Tcomp of the 5 nm

interfacial is found to be near 125 K. On the other hand, Fig.

3(b) shows that the Tcomp of the rest of the sample is between

375 K and 400 K.

Using the magnetization vs. temperature results from

simulations, an average magnetization model in Eq. (1) is

employed to determine the temperature dependence of an

entire sample

Mave Tð Þ ¼ Mint Tð Þtint þMrest Tð Þtrest

tint þ trest

; (1)

where Mave is the total magnetization, Mint is the magnetiza-

tion of the interfacial region, Mrest is the magnetization of

the rest of the sample, tint is the thickness of the interfacial

region, and trest is the thickness of the rest of the sample.

FIG. 2. (a) Temperature dependent fit-

ted scattering data of the 80 nm amor-

phous Tb26Fe64Co10 thin film. (b) The

scattering length density profiles of the

80 nm amorphous Tb26Fe64Co10 thin

film. (c) Magnetization vs. temperature

for the bottom 5 nm (interfacial region)

and top (the rest of the sample).

FIG. 3. (a) Simulated magnetization as

a function of temperature of the bottom

5 nm (interfacial region) based on PNR

results. (b) Simulated magnetization as

a function of temperature of the top

region (rest of the sample) based on

PNR results. The error of PNR results

in (b) is much smaller than that in (a).
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In order to be comparable with experimental results pre-

sented in Fig. 1, the calculation of Mave assumes that the

FeCo sublattice is aligned in the positive direction, while the

Tb sublattice is aligned in the negative direction. Figure 4(a)

presents Mave calculated using Eq. (1) as a function of tem-

perature for 20-nm to 120-nm films. The results show consis-

tent temperature dependence of Mave for all thicknesses in

comparison to experiments. Figure 4(b) shows the thickness

dependence of Tcomp using the total magnetization model. In

this model, Tcomp of 20 nm, 40 nm, 80 nm, and 120 nm is

300 K, 340 K, 363 K, and 371 K, respectively. In comparison,

the experimental Tcomp of 20 nm, 40 nm, 80 nm, and 120 nm

is 278 6 5 K, 336 6 1.5 K, 358 6 1.5 K, and 372 6 2.5 K,

respectively. This provides strong evidence that the existence

of the interfacial region leads to the thickness dependence of

Tcomp.

In summary, the thickness dependence of magnetiza-

tion and compensation temperature is investigated in amor-

phous TbFeCo thin films. Although the composition is

uniform across the film thickness, an interfacial region of

about 5 nm is revealed by polarized neutron reflectometry

exhibiting different magnetic properties from the rest of the

sample. Using a total magnetization model coupled with

atomistic simulation, it is confirmed that the interfacial

region leads to the thickness dependence of compensation

temperature in TbFeCo thin films. The origin of this rather

thick interfacial region is apparently due to the formation

of a different amorphous phase near the interface, resulting

in changes of short range order of the amorphous TbFeCo

film. Further experiments are needed to identify the exact

origin of the interfacial region. Nevertheless, the existence

of the interfacial region in RE-TM thin films underscores

potential challenges in developing ultra-thin RE-TM spin-

tronic devices.

See supplementary material for the PNR results of the

20 nm TbFeCo film.

This work was partially supported by DARPA
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