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Abstract: Recently, there has been a growing interest in two-dimensional van der Waals (vdW)
magnets owing to their unique two-dimensional magnetic phenomena and potential applications.
Most vdW ferromagnets have the Curie temperature below room temperature, highlighting the need
to explore how to enhance their magnetism. In our previous report, we successfully increased the
Curie temperature of the prototypical vdW magnet Cr,GeyTeg using a NiO overlayer. In layered
materials, the presence of wrinkles is often observed and evaluating them using optical microscopy
proves to be useful; however, there have been limited investigations into the optical constants of vdW
magnets, hampering progress in understanding their optical properties. In this study, we present
the optical constants of CrpGe,Teg obtained through ellipsometry measurements. To account for the
presence of wrinkles, we model a vacuum region between the substrate and the vdW magnet, and we
calculate the reflectivity as a function of wavelength and vacuum thickness to visualize the optical
image. Furthermore, we discuss the relationship between the optical constants and the electronic
structure of the material.

Keywords: two-dimensional material; optical property; optical constant; heterostructure; multilayer

1. Introduction

Since the discovery of graphene, two-dimensional (2D) van der Waals (vdW) materials
have attracted a lot of attention [1,2]. The isolation of graphene as a single-crystal sample
with an atomically thin limit was made possible by the weak interaction between 2D
layers, which is now applicable to many 2D vdW materials possessing magnetism [34].
Typical examples of such materials are ferromagnetic insulators CryGe,Teg [5] and Crl; [6],
ferromagnetic conductor Fe-Ge-Te [7], antiferromagnetic insulators FePS3 [8], MnPS; [9],
and o-RuCl; where the last one also exhibits nontrivial spin state and has been intensively
studied in the context of quantum spin liquid [3].

Two-dimensional vdW ferromagnetic insulators offer several advantages, such as
the ability to obtain atomically thin crystals easily and transfer them onto flexible sub-
strates [5,10]. Cr,GepTeg is a prototypical ferromagnet with a Curie temperature of
~60 K [3-5]. In general, 2D ferromagnets have relatively lower Curie temperature compared
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to three-dimensional counterparts such as iron, cobalt, and nickel. Hence, it is crucial to
increase the Curie temperature as much as possible for practical applications. Previous
attempts to modify the magnetism using electrostatic gating with an electrolyte yielded
limited results in terms of increasing the Curie temperature [11]. A pressure cell experiment
showed that the Curie temperature decreases instead of increasing [12].

In our previous work, we reported a significant increase in the Curie temperature of
the Cr,GepTeg /NiO heterostructure, reaching ~120 K [13]. At the international conference
on quantum material and technologies (ICQMT2022), we also suggested that this increase
in the Curie temperature is related to the presence of wrinkle structure detected by optical
microscopy, and recently we have reported that wrinkle structure and enhanced magnetism
are highly correlated [14]. However, despite these advancements, the optical character-
ization of this material remains limited and our understanding of its optical properties
is still lacking. In this paper, we investigate the optical properties of Cr,Ge,Teg and the
relation to the wrinkle structure in CryGe,Teg /NiO. To understand the optical properties of
the wrinkle structure in CryGeyTeg /NiO, we perform calculations on multiple reflections
with numerous interfaces, which provide valuable insights into 2D materials. The optical
constants of CryGe,Teg are measured using ellipsometry. While optical spectroscopy has
been employed to elucidate the electronic structures as well as magnetic properties, to the
best of our knowledge, there have been no experimental reports on the optical constants of
CryGe, Teg. Finally, we demonstrate that the characteristic features of the wrinkle structure
in the CryGeyTes /NiO can be explained based on these optical properties.

2. Results

First, we present a description of optical properties in multilayers to comprehend
the optical microscope image of Cr,Ge,;Tes/NiO on a silicon substrate. In our previ-
ous report, we revealed that wrinkle structure appears after forming the NiO layer on
CryGe,Teg. We anticipate that the structure includes an empty area between CryGe;Teg
and SiO, /Si. Hence, we describe wavelength-dependent reflection properties up to five
layers (NiO/Cr,GepTeg / vacuum/SiO, /Si).

2.1. Multiple Reflections on a Few-Layer Structure
2.1.1. Three Layers (Two Interfaces)

The reflection properties of the three-layer systems can be found in textbooks [15].
We employ Fresnel theory to comprehend the contrast of atomically thin flakes through
multiple reflections. Let us consider three materials 0, 1, and 2 with a refractive index
values of ng, ny, and ny, respectively. The phase shift in material 1 is represented by A;
(Figure 1a).

e  The fraction of the amplitude of the light which is reflected and transmitted at the

interface between the material 0 and 1 are given by r; and /(1 — r12), respectively,
where 11 = (ng — n1)/(ng + ny1). Similarly, the reflection and transmission at the interface
between the material 1 and 2 can be calculated. Notably, when light is penetrates
from material 1 to 0, the additional phase factor, exp[—iA1] appears (Figure 1b), where
A1 =4mnnydy /A and d; is the thickness of layer 1.

Now, we obtain the reflection R as

ie

L] re
=r1+nm (1 — 1’12) exp[ — 1A1] — 1’11’22 (1 — 1’12) exp[ — 21A1] —+ -
4 ra(1=r?)exp[=idi] _ ritrpexp[—iAy]
=n 14+rirpexp[—iA]  — 14rirexp[—id]”

e R=|ref]%.
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Figure 1. (a) Notation of the three layers. (b) Reflection and penetration of the light in the multilayer.
The fraction of the light in each path is shown. (c) Notation of the three interfaces. (d) Notation of the
general case.

2.1.2. Three Interfaces

e In a system with three interfaces (four layers), we can compare the result with the
prototypical scenario of the cleaving experiment of graphene [16]. We employed
Fresnel theory to understand the contrast of an atomically thin flake througha multiple
reflections.

e  Let us consider three materials denoted as 1, 2, and 3 with refractive indices of of ny,
ny, and n3, respectively. On top of material 1, we assume the presence of air (vacuum)
where the index is 11y. The reflection of interfaces 0-1, 1-2, and 2-3 is represented by
r1, 17, and r3, respectively. The phase shifts in materials 1 and 2 are represented by A4
and Ay, respectively. The schematic configuration is depicted in Figure 1c. Next, we
can determine the following values: rp = (11 — 12)/(n1 + ny), r3 = (ny — n3)/(ny + ns),
Ay = 4mnydy /A, where A represents the wavelength of light. The total reflection can be

expressed as R = | 7@ exp [ie(2)] |2 where
10! _ratraexp[—idy]
° re- = 1+rarzexp[—ily]

. (2)ie2) _ r1+r’eif,exp[fiA1 '
l+r’r1elflexp[7iA1]

The wavelength-dependent contrast is expressed as (R [11 = 1] — R [n1 = ngael)/R
[1 = 1]. Now, let us describe the prototypical case of a graphene flake cleaved onto a silicon
substrate. Figure S1 illustrates the calculated contrast of graphene on a Si substrate with a
5i0; layer (with a thickness of 285 nm). The observation of the flake is further influenced
by the sensitivity of human eyes (when a microscope is viewed through) or a camera. The
sensitivity of the human eye is the highest around ~555 nm, which corresponds to the green
region of the visible light spectrum [17]. The information can help determine the thickness
of the SiO; layer to facilitate the identification of very thin flakes. If a charge-coupled device
camera is used, the model has specific sensitivity, which will impact the response of the
red, green, and blue channels. However, there are a number of models available that can
be used with a sensitivity similar to that of human eyes. The result is consistent with the
literature [16].

2.1.3. General Case

We can generalize the calculation of the contrast for multiple layers as follows.

The materials 1, 2, ... , k with refractive indices of n1, n, ... , 1, respectively. On top
of material 1, we assume the presence of air (vacuum) with an index denoted as ny.
The reflection of the interfaces 0-1, 1-2, ..., (k — 1) —k is represented by 1, 12, and 7y,
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respectively. The phase shifts in material 1, 2, ... , k — 1 are represented by A1, Ay,
..., Ax_1, respectively. The schematic configuration is shown in Figure 1d. We can
detemine the following values: r; = (nj—1 — n;)/(nj—1 + n;), A; = 4rnd;, /A. The total

reflection can be represented as Ry = | r¢x_q x| 2 where

~ o rpatreexp[—idg 4]
® Telk = 1+rg_qryexp[—idg_1]"
~ rk,jJrrcj,l,kexp[fiAk,j}
[ ) er,k =

| (j=23,...,k—1).

1+rk,]-7cj,1lkexp[—iAk,/-
e  The wavelength-dependent contrast is represented as (Ry [111 = 1] — Ri[n1 = ngaxel)/ Rk

[n1 = 1]. This formula is used to understand the experiment of CroGepTeg /NiO (refer
to Section 3.1).

2.2. Experiment
2.2.1. Method

Ellipsometry measurements were conducted using the V-VASE ellipsometer (J.A. Wool-
lam cooperation, Lincoln, NE, USA) at three different angles (60°, 70°, and 80°) with a wave-
length range ofe 300-1000 nm range. A bulk Cr,GepTeg crystal measuring 1 mm x 1 mm
was mounted onto the device with its c-axis aligned perpendicular to the mounting surface.
To ensure a pristine surface, the incidence surface of the crystal was exfoliated using Scotch
tape. The standard focusing probe accessory was used to select a flat and shiny surface on
the crystal, yielding a 100 pm diameter for the incident light beam.

CryGe;Teg /NiO sample was prepared as follows. First, Cr,Ge;Teg crystals were
obtained by chemical vapor transport method. The crystal was mechanically cleaved onto
silicon substrate (with 285 nm thick SiO; layer). The NiO layer was formed by sputtering.
The sample was measured by using an optical microscope and atomic force microscope. A
detailed procedure can be found in our previous report [13,18].

2.2.2. Result

The dielectric constants were calculated using the WVASE software (J.A. Woollam co-
operation). We employed the standard generalized oscillator model ([19]: general Lorentz
oscillators) and determined that two oscillators with energies of 1.703 and 3.656 eV ade-
quately described the optical index (Figures 2 and S2).
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Figure 2. (a,b) Ellipsometry characterization experiment for the bulk Cr,Ge;Teg crystal. Wavelength
dependence of ¥ (angle difference in the polarization between incident and detected light delay; see
the instruction on ellipsometry [19]) and delta (the phase difference in the polarization of incident and
reflected light). (c—f) Calculated 1, k, €1, €5 based on the model described in the text; 1 (k) represents a real
(imaginary) part of the refractive index; €1 (¢7) represents a real (imaginary) part of the dielectric function.
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3. Discussion
3.1. Reflection Calculation on CryGe,Tes/NiO Case

In the wrinkle structure of Si/SiO, /Cr,Ge, Teg /NiO, there should exist The research
data generated during and/or analyzed in this manuscript are available from the corre-
sponding author upon reasonable request. a vacuum layer between S5iO; and CryGe,Teg. In
this section, we will examine the influence of the vacuum layer on the reflection properties
of this multilayer. Figure 3 shows the calculated results based on the previous section.
We observed the periodicity of the reflection in Si/SiO, /vacuum/Cr,Gey Teg /NiO to be
~300 nm in the vacuum thickness.

NiO(50nm)/CGT(20 nm)/vacuum (xnm )/SiO2(285 nm )/Si

200 400 600 800

oF

Vac thickness (nm)

Figure 3. Calculation of the wavelength-dependent contrast (R [17 = 1] — R [17 = ngael)/R [n7 = 1]
for Si/Si0O,(285 nm)/vacuum/Cr,Ge; Teg(20 nm)/NiO(50 nm). CGT stands for Cr,GeyTeg. The
thickness of the vacuum layer varies from 0 nm to 800 nm.

3.2. Comparison with the CryGeyTeq/NiO Sample

We recently reported that wrinkle structure appears, which causes enhanced mag-
netism. Figure 4a shows a topographic image of S5i/SiO, /(vacuum/)Cr,Ge; Teg /NiO. The
wrinkle structure appears with a maximum height of ~0.7 um (Figure 4d). Figure 4b,c show
the blue and red channel of the optical microscope image, which clearly shows contrast
corresponding to wrinkle structure. Figure 4e shows the contrast along the wrinkle. We
can observe multiple minimums in the contrast values. The period shows agreement with
the reflection calculation shown in Section 3.1.

We note that the wrinkle structure is not specific to Cr,Ge, Teg /NiO but also appears
in other 2D materials [20,21]. Our result is useful for understanding the optical contrast of
these systems.

3.3. Structural and Morphological Properties

We describe the structural and morphological properties of the Cr,Ge;Teg(20 nm)/
NiO(50 nm) heterostructure. The NiO film we used were polycrystalline; we have reported
X-ray characterization on sputtered NiO films in ref. [13]; we described a transmission
electron microscope image that shows polycrystallinity of the thin NiO film [14]. The
surface morphology of CryGe,Tes /NiO(50 nm) is characterized by atomic force microscopy
(AFM). Figure 5 shows a representative result which shows a smooth surface with a root-
mean-square (RMS) roughness of 0.23 nm. Note that the step-terrace structure of the
CryGe,Teg flake also appeared in the AFM and we chose the region of RMS excluding such
a step.
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Figure 4. (a) Atomic microscope image of the Cr,Ge; Teg (20 nm)/NiO(50 nm) flake on Si/SiO, (285 nm)
substrate. The black line indicates the region of the data used for (d). The color bar indicates the
height of the topography image. (b) The blue channel of optical contrast for the flake shown in (a).
(c) The green channel of optical contrast for the flake shown in (a). (d) Line profile of height measured
by AFM. The position is indicated in (a). (e) Line profile of the contrast shown in (b,c). The position
is indicated in (b). The same position is used for blue and green channels.

(@)

Figure 5. (a) Optical microscope image of the Cr,Ge,Teg flake with the NiO(50 nm) overlayer on the
5i/5i0,(285 nm). (b) AFM image for the region shown in (a) as a red rectangle. The scale bar of 1 mm
in the lateral dimension and +1.2 nm for topography are shown. The root-mean-square roughness is
0.23 nm for the yellow rectangle region.

3.4. Comparison with Reported Density Functional

Figure 6a,b show the complex dielectric permittivity calculated by density functional
theory (DFT) calculations based on ref. [22]. In Figure 6b, peaks at around 400 nm and
700 nm are shown to exist, which is in reasonable agreement with the experimental result
shown in Figure 2f. However, the spectral weight in the calculation is different from in
the experiment, which may be attributed to the effect of impurities or defects at the visible
wavelength. Concomitantly, the screened plasma frequency in Figure 2e can be shifted
towards longer wavelengths compared to the calculation in Figure 6a.

It is worth noting that the diagonal response function ey, obtained in this study allows
for the determination of the off-diagonal response function ¢, through the magneto-optical
Kerr measurement. As ey, = (0 +ifk)+/€xx(1 — €xx) holds, the off-diagonal response
function &, rather than the Kerr rotation 0k or the Kerr ellipticity #7x contains material
information. This study therefore provides important knowledge for the magneto-optical
response.
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Figure 6. (a,b) Optical constant of the Cr,Ge,Teg bulk crystal calculated based on ref. [21].

4. Conclusions

We have studied optical properties of CryGe;Teg and its heterostructure. We have out-
lined the multiple reflection on the few-layers system based on Fresnel theory. The optical
index of the Cry,Ge,Tey crystal was characterized by ellipsometry and its implication was
discussed. The optical index was used to characterize the 5i/SiO, /vacuum/CryGeyTeg /NiO
structure, and it was found to be periodic with variations in vacuum thickness. The calcu-
lation was found consistent with the contrast in the wrinkle structure of Si/SiO, /vacuum/
CryGeyTeg /NiO. The periodic contrast can be understood as not specific to the CryGe, Teg /NiO
structure but also can appear in general. This result can be used for magneto-optical re-
search and can also be compared with the result of the wrinkle structure sometimes seen in
2D materials, which can be used as an important tuning knob [14,20] for changing physical
properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /condmat8030059 /s1, Figure S1: Calculation on wavelength-
dependent contrast for Si/SiO,/graphene(monolayer); Figure S2: Ellipsometry characterization
experiment for bulk Cr,Ge, Teg crystal with incident angle 60, 70, and 80 deg.
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