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Among the layered two-dimensional ferromagnetic materials (2D FMs), due to a relatively high T, the van der Waals
(vdW) Fe3GeTe, (FGT) crystal is of great importance for investigating its distinct magnetic properties. Here, we have
carried out static and dynamic magnetization measurements of the FGT crystal with a Curie temperature T ~ 204 K.
The M—H hysteresis loops with in-plane and out-of-plane orientations show that FGT has a strong perpendicular magnetic
anisotropy with the easy axis along its c-axis. Moreover, we have calculated the uniaxial magnetic anisotropy constant (Ki)
from the SQUID measurements. The dynamic magnetic properties of FGT have been probed by utilizing the high sensitivity
electron-spin-resonance (ESR) spectrometer at cryogenic temperatures. Based on an approximation of single magnetic
domain mode, the K and the effective damping constant (0,s) have also been determined from the out-of-plane angular
dependence of ferromagnetic resonance (FMR) spectra obtained at the temperature range of 185 K to 7c. We have found
large magnetic damping with the effective damping constant O ~ 0.58 along with a broad linewidth (AH, > 1000 Oe
at 9.48 GHz, H || c-axis). Our results provide useful dynamics information for the development of FGT-based spintronic

devices.

Keywords: two-dimensional ferromagnet, ferromagnetic resonance, magnetic anisotropy, magnetic damping

PACS: 75.50.-y, 76.50.+g, 75.30.Gw

During the last two decades, two-dimensional (2D) ma-
terials such as graphene and transition-metal dichalcogenides,
exhibiting many attractive properties, have been extensively
studied.!'"* The 2D intrinsic ferromagnetic vdW crystals
were predicted to have promising spintronic applications>~8]
with high data storage density, faster response, and low-

n.[%19] 1t is also of great interest as the build-

power dissipatio
ing block for engineering spintronic vdW heterostructures. ']
Recent experiments have demonstrated that it is possible to
obtain 2D ferromagnetic order in Crl3- and CrSiTes-type
compounds.!'>"17I However, bulk Crl3, CrGeTes, and CrSiTes
exhibit the FM orders below 68 K, 61 K, and 33 K, re-
spectively, which are much lower than room temperature
(RT). Among the predicted and experimentally observed vdW

ferromagnetic materials, as an itinerant ferromagnet,[181 the

DOI: 10.1088/1674-1056/ac0e25

single crystalline FGT stands out with a relatively high
Tc in its bulk state, ranging from 150 K-220 K depend-
ing on Fe deficiencies.['"?*! Up to now, various experi-
mental investigations such as anomalous Hall effect,*>! DC

(20231 chemical substitution,?>?7] and mag-

magnetization,
netic microstructure!*8! have been carried out on FGT. How-
ever, there still lacks the magnetic dynamics study of this 2D
vdW itinerant ferromagnet until now.

(3D)

electron-spin-resonance spectrometer as a high sensitivity

Three-dimensional microwave  cavity-based
technique has been widely used for the magnetic analysis
of ferri- and para-magnetic components within environmental
samples and characterization of dynamic properties of mag-
netic materials.>*3% According to the resonance field (H;) and

linewidth (AH,p) of ferromagnetic resonance (FMR),[3!1-33]
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one can obtain magnetic anisotropy K; and the magnetic
damping of magnetic materials. Since magnetic relaxation
processes govern the efficiency and determine the performance
of magnetic devices, including hard drives, magnetic random
access memories, magnetic logic devices, and magnetic field
sensors, therefore obtained damping experimentally, as well
as dynamic magnetic properties of magnetic materials and
heterostructures, is crucial for their application in potential
spintronic devices. Generally, it is crucial to obtain the FMR
spectra, as this is the first step for further investigating the
dynamic properties of 2D vdW ferromagnets. Hence, it is nec-
essary to obtain the FMR spectra and understand the essential
magnetization dynamics of bulk FGT for future functional
spintronic devices containing FGT metallic ferromagnet near
room temperature.

In this paper, we first established the static magnetic prop-
erties of the single crystal FGT bulk. The static magnetiza-
tion properties were obtained by studying temperature- and
magnetic field-dependent magnetic susceptibility using a su-
perconducting quantum interference device (SQUID) mag-
netometer. And we determined magnetic anisotropy con-
stant K; from the SQUID measurements. More importantly,
we have conducted the dynamic studies with electron-spin-
resonance (ESR) spectrometer at cryogenic temperature, and
observed the FMR spectra in the intrinsic 2D ferromagnet
FGT. Temperature-dependent magnetic anisotropy constant
K and the effective magnetic damping o, have been calcu-
lated from the isothermal angular dependent resonance field
H, and linewidth. The Kj exhibited an expected decreasing
behavior near 7c. However, the effective magnetic damping
Or as large as 0.58 was obtained, showing little tempera-
ture dependence. Our results provide significant insight into
the magnetization dynamics of 2D vdW itinerant ferromagnet
FGT, going beyond the previously reported static observation.

High-quality FGT single crystals were synthsized by the
chemical vapor transport method. First, the pure powders Fe
(99.998%), Ge (99.999%), and Te (99.999%) were weighed
out in a stoichiometric ratio of 3:1:5. The elements were
blended and placed, along with solid iodine I, as a transport
agent, into an evacuated quartz tube, which was evacuated of
air before sealing. Then, the sealed tube was placed in a fur-
nace with a temperature gradient between 700 °C and 650 °C
for one week. The starting mixed constituents were placed at
the hot end, and the single crystals precipitated on the cold
end of the tube. Finally, the FGT single crystals were ana-
lyzed with x-ray diffraction (XRD). Temperature- and field-
magnetization measurements were carried out using a SQUID
magnetometer. The out-of-plane angular dependence of FMR
was measured using an electron-spin-resonance spectrometer
due to its high sensitivity at a microwave frequency of 9.48

GHz. Before the measurements began, an external field had
been set along the easy magnetic axis (i.e., c-axis) of FGT.
And then, the measurements were implemented to vary the
angle as the samples were rotated.

FGT is a layered hexagonal structure (the P63/mmc space
group).'?*! In Fig. 1(a), the crystal structure of FGT contains
Fe3Ge slabs separated by a so-called vdW gap between ad-
jacent Te layers. The Fe atoms in the unit cell occupy two
inequivalent Wyckoff sites Fel and Fe2. Figure 1(b) presents
a 20 XRD scan; only (00/) peaks are detected, indicating that
our FGT samples exhibit the high single-crystalline quality,
and the crystal surface is normal to the c-axis with the plate-
shaped surface parallel to the ab-plane. Figure 1(c) shows the
temperature dependence of magnetization M (T') measured un-
der H = 100 Oe applied in parallel to the c-axis. An obvious
paramagnetic (PM) to FM transition is observed. Besides, the
ZFC and FC curves show significant splitting at low temper-
atures. Tc ~ 204 K is roughly determined from the minima
of the dM/dT curve with an external field of 2 T parallel to
the c-axis, as indicated by the orange arrow in the inset of
Fig. 1(c). Figure 1(d) shows the field dependence of hystere-
sis loops at various temperatures for H || c-axis. We observe
that saturation magnetization My gradually decreases with the
temperature increasing. Moreover, M of FGT at 185 K ap-
proximately drops significantly by two orders of magnitude as
compared with that at 2 K, as plotted in Fig. 1(f). To confirm
the magnetic anisotropy of FGT, we further perform isother-
mal magnetization loops at 2 K for H || ab-plane and H || c-axis
[Fig. 1(e)]. The magnetization saturation with H || c-axis and
H || ab-plane at 2 K is reached for H 7~ 4.9 kOe and 35 kOe, re-
spectively. The saturation field for H || c-axis is much smaller
than that for H || ab-plane, indicating that the magnetic behav-
ior is highly anisotropic with its easy magnetic axis along the
crystal’s c-axis. This conclusion is in good agreement with
previous results.[2>-28]

In addition to H || c-axis, we also measure the field depen-
dence of hysteresis loops at various temperatures for H || ab-
plane, as shown in Fig. 2(a). Figure 2(b) represents magnetiza-
tion measured at 7 = 185 K with the external field H || c-axis
and H || ab-plane. Thus, we can determine K; using the fol-
lowing formula:

Klz/o (M. — M) dH, (1

where H; is the saturation magnetic field with the external
magnetic field H || ab-plane during the measurement. M, and
M, are the magnetization obtained with the external fields
H || c-axis and H || ab-plane, respectively. The obtained K;
is in the range of (3.8-0.4) x 10° erg/cc in the 2-205 K range,
as shown in Fig. 2(c). And, the K| decreases monotonically
with increasing temperature.
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Fig. 1. (a) Crystal structure of FGT from side. (b) XRD spectrum of a bulk FGT crystal. (c) Temperature dependence of magnetization for bulk FGT with
zero-field-cooling (ZFC) and field-cooling (FC) modes measured with the external magnetic field H = 100 Oe along the c-axis. Insert shows the derivative
magnetization dM/dT vs. T in the applied field along the c-axis. Arrow denotes the minima of the dM/dT curve, determining the Tc of FGT. (d) Field

dependence of magnetization for FGT measured at 2-300 K with the external

magnetic field H along the c-axis. (e) Magnetization is measured at 7 =2 K

with the external field H || c-axis and H || ab-plane, respectively. (f) Saturation magnetization as a function of temperature (2-300 K).
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Fig. 2. (a) Field-dependent magnetization of FGT with the external magnetic field H || ab-plane measured in the range of 2-205 K. (b)
Magnetization measured at 7 = 185 K with the external field H || c-axis and H || ab-plane, respectively. The shaded area, surrounded by the
magnetization curves when H || c-axis and H || ab-plane. (c) Temperature-dependent uniaxial magnetic anisotropy constant Kj, calculated by
fitting the angular-dependent H; (violet squares) at 195-205 K and using the M—H loops (orange stars) at 2—-205 K, respectively.

To explore the magnetization dynamics of FGT, we fur-
ther perform the FMR measurement of single-crystal FGT.
Figure 3(a) represents a sketch of the FMR coordinate system,
where @y and @y are the azimuthal angles, and 67 and O are
the polar angles of the magnetization M and the DC external

field H, respectively. Figure 3(b) shows the field dependence
of FMR spectra for various temperatures (7' = 150, 170, 185,
190, 195, 200, 205, 210 and 300 K) with H || c-axis (i.e., in
the perpendicular configuration, 8 = 0°; 6y = 0°). The pur-
ple curve in Fig. 3(b) is the background signal because FGT
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Fig. 3. (a) The sketch of the coordinate system used to measure and analyze FMR. All FMR experiments are measured at a microwave
frequency of 9.48 GHz. (b) FMR spectra of FGT with various temperatures (7 = 150, 170, 185, 190, 195, 200, 205, 210 and 300 K) under the
external magnetic field H || c-axis (g = 0°; 6y = 0°). And the red arrow indicates the H, of FMR spectrum. (c)—(d) Temperature dependences
of H; (c) and AH,,;, (d), obtained from the FMR spectra in (b). The broken lines in (c) and (d) are the guide for the eyes.

enters into a paramagnetic state at 300 K and it is also the same
as the signal of the empty cavity without a sample. Near T¢c
from 185 K to 210 K, the typical FMR spectra are observed
in the ferromagnetic phase of FGT. The observed FMR sig-
nals below 210 K illustrate a fundamental fact that the pre-
cession of magnetization of FGT single crystal can be driven
by an external microwave signal, like most of the ferromag-

[30,31,33-36] Moreover, this observation is con-

netic materials.
sistent with the 7¢ ~ 204 K determined from the measure-
ment of temperature-dependent magnetization. In addition,
from Fig. 3(b), we also find that H; gradually shifts to zero
external magnetic field with decreasing temperature, indicat-
ing that the natural resonance frequency of FGT due to its
magnetic anisotropy is higher than the external excitation fre-
quency 9.48 GHz for T < 180 K. It is well known that H,
value corresponds to the intersection of the FMR spectrum
with the base line. The extracted H; from Fig. 3(b) for the
temperature of 185-205 K is displayed in Fig. 3(c), which
more intuitively presents a fall of H, with decreasing tem-
perature. The FMR spectrum is broadened with increasing
temperature while maintaining its derivative Lorentzian-like
curve shape in the 185-205 K range. AH,, is the width be-
tween the positive and negative peaks of the FMR spectrum. In
Fig. 3(d), the minimum value of AH,,, is larger than 1000 Oe,
suggesting that this FGT system may have an unexpected

high magnetic damping constant. In contrast with some other
2D ferromagnets, e.g., Cry /3Nb53 and CrGeTes, FGT has a
weak FMR signal and very broad linewidth.[>*”l The FMR
linewidth can generally be considered from three origins: (i)
Gilbert damping, (ii) two magnon scattering, and (iii) sample
magnetic inhomogeneities. The large Gilbert damping was re-
ported previously in the NiggFeyo film doped with heavy rare

381 Tn the doped NigpFey film, the large linewidth

earth atoms.
(> 1000 Oe at 22 GHz) corresponds to the damping value of
0.1-0.2. According to the modified Kambersky’s spin—orbital

B9 for a ferromagnetic metal, two

torque correlation theory,
competing contributions give rise to intrinsic Gilbert damping:
intraband electron—hole transitions and interband electron—
hole transitions. The former contributes a conductivity-like
term (decreasing with the electron scattering rate I'), while
the latter gives a resistivity-like term (increasing with I"). For
our FGT sample, the resistivity-like term may dominate the
Gilbert damping. And, the existence of Fe vacancies also ef-
fectively enhances the scattering rate, thereby promoting inter-
band electron—hole transitions. Meanwhile, due to more elec-
tron scatterings at the higher temperature, the AHy,, increases
with temperature. Furthermore, the AH,, rising as the tem-
perature increases is consistent with the behavior that the co-
herent FMR dynamics (where the wave vector k = 0) continu-

ously evolve into an incoherent process due to the strong ther-
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mal excitation of magnon,’! resulting in the magnon scat-
tering and the inconsistency of magnetic moments continu-
ally increasing and broadening AH,,,. The temperature broad-
ening linewidth or enhancing magnetic damping phenomena
are generally observed in numerous magnetic materials. 44?1
Besides, the magnetization inhomogeneity is also expected to
significantly influence the observed broad FMR linewidth due
to the large magnetic anisotropy and nucleation of magnetic
multidomain.

To quantificationally estimate the magnetic damping of
FGT, we further carry out measurements of the out-of-plane
angular dependence (i.e., @y = @y = m/2) of FMR at the fixed

resentative FMR spectra for different 6y at 190 K. The value
of H; is enhanced as the external magnetic field H varies from
the out-of-plane (H || c-axis) to the in-plane (H | ab-plane)
direction. Figure 4(b) shows the out-of-plane angular depen-
dence of H; for the temperature from 185 K to 200 K, and
open circles represent the experimental data. Moreover, the
curve of H; vs. Oy exhibits only one peak. These measure-
ment results further confirm that FGT has uniaxial magnetic
anisotropy, and the easy axis is along the c-axis as mentioned
above. Figure 4(c) displays the experimental AH,, as a func-

tion of Oy for different temperatures, indicated by blue glob-

microwave frequency of 9.48 GHz. Figure 4(a) shows the rep-  ules.
4000F ] 2700F Y i
190 K 0° 3000 F 185 K 1 2250¢ @ 9. 185 K]
2000 ] 1800F ]
2 1000 f . ] 1350 é"‘ %Qﬁ" ]
g 3840 ] 2800 ° ]
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Fig. 4. (a) The typical FMR spectra of FGT measured at 7 = 190 K with different angles 6y = 0°, 45°, and 90°. (b) Angular dependence of
resonance field H; of FGT for various temperatures 7 = 185 K, 190 K, 195 K, and 200 K. Open circles represent the experimental data and red
lines show the fitting curve of H;. (c) Angular dependence of peak-to-peak linewidth AH,, with T = 185 K, 190 K, 195 K, and 200 K. Blue
globules indicate the experimental data and orange lines are the calculated AHyy.

Based on a single magnetic domain model for the FGT
sample under FMR conditions, we analyze the data of 6y vari-
ation of H; and AH,;, quantitatively. First, we focus on the data
Oy vs. Hy. We describe the resonant peaks by the Smit—Beljers

equation 4344
9*F

o\’ 1 :
<> B i 2 ) 7 (2)
Y (Mg sin By;) 000 Oy

where w = 27 f with a microwave frequency f = 9.48 GHz.

d*F 9*F B (
903 Iy

7Y is the gyromagnetic ratio. F' is the free energy density given

by the following expression for the FGT sample: 3%+

F = —MH |sin Oy sin 6y cos (@g — @ur)
+ 0 (8 — Oyr)] +2TMZcos? Oy
— Kicos? 6y, 3)

where K is the perpendicular magnetic anisotropy constant.
The first, second, and third terms represent the Zeeman-
energy density describing the coupling between the mag-
netization vector M and the external magnetic field H, the
shape anisotropy energy, and the uniaxial magnetocrystalline

anisotropy energy, respectively. In our case, because the lateral

dimensions in the ab-plane are much larger than the thickness
of the FGT crystal along the c-axis, the shape of the measured
platelet-like FGT crystal is described by the demagnetization
factors (N, = Ny = 0, N, = 1) of an extended flat plate. Be-
cause of ¢y = @y = /2, we obtain the following equation

by deducing from Eq. (3):[+!

2
(a)) = [Hicos (65 — Oy) — 47TMeff00529M}

Y
X [Hycos (0 — Oy ) — 4nMeircos26y].  (4)
Here, 4wM.s is the effective demagnetizing field, defined by
4TMegr = 4M — Hy, &)

where Hy = 2K /M; is the perpendicular magnetic anisotropy
field. The experimental data of the angular dependence of H;
are fitted by using Eq. (4) with both y and 4TM,¢ used as fit-
ting parameters. The azimuthal angle of magnetization 6y, is
determined concurrently by solving the equation

(6)

The solid red lines in Fig. 4(b) show the fitting results of res-

477.'Meff sin 29M = 2Hr sin (QM — GH)

onant field H; as a function of the external field orientation

097501-5



Chin. Phys. B Vol. 30, No. 9 (2021) 097501

Oy. The temperature dependence of K; in the range of 195—
205 K is summarized in Fig. 2(c). The K] is in the range of
(1.6-0.8) x10° erg/cc from 195 K to 205 K. Meanwhile, the
K, obtained from magnetization SQUID-measurements men-
tioned above has values of (8.9-4.4) x 107 erg/cc from 195 K
to 205 K. We observe that there is the same order of magnitude
of K; near T¢ of FGT calculated using two different methods.
Furthermore, the slight deviation of K; value may be due to
the different methods (i.e., the dynamically and the statically
determined K;) and domain structures at the angle 6y close to
in-plane for the FMR-method. We note that it is more thor-
ough and reliable to obtain the anisotropic constant K; from
the M—H loops measurements.

Second, we turn to the linewidth of FMR AH,,, analysis
in Fig. 4(c). For out-of-plane measurements, AHp,, can be ex-
pressed as/2943]

_ Oleff inhomo
AHp, = AHPP +AHPP

. 1 N
= A (AHreH +AH;‘”Merr) : )
. 1
ARt = ﬁaeff [2H, cos (6 — Oy) — ATM pc0S> Oy
d(w/y)|™
—4nMg6c0s286 , (8
eff v ‘ dH.
dH,
AH% — LA 9
r ’dQH H | > ( )
dH,
AHPMett — | — T A (4TMeg 10
T ’d(4TCMeff) ( T eft) ) ( )

where Angeﬁ is the linewidth related to the effective damping
of magnetization precession Og;. AHIi;I‘)h‘)m0 is the linewidth
due to magnetization inhomogeneities-induced the distribu-
tion of H,. dH,/d6y and dH,./d(4TM.g) can be deduced
from Eqgs. (4) and (6). ABy and A (47wMcg) are the distribu-
tions of Oy and 4wM.¢ in the FGT sample, respectively. The
experimental data of 8y vs. AH,, is fitted by Egs. (7)-(10).
The theoretical curves of 8y variation of AH),, are shown as
solid orange curves in Fig. 4(c) and the fitted effective mag-
netic damping g value is depicted in Fig. 5. We note that
the experimental data are not fitted perfectly by the theoretical
model of a single domain. For higher angle 8y (near in-plane),
the single magnetic domain model may not be satisfied very
well for the strong magnetic anisotropy of FGT, because the
resonance field H; may be below the nucleation fieldHy of the
magnetic multidomain. [46]

Figure 5 shows no apparent dependence of O on tem-
perature in the range of 185-205 K. The overall o, values
are large with an average damping value of about 0.58. The
Qs of FGT is much larger than that of other 2D ferromag-
nets such as Cry3NbS3, CrGeTes and magnetic metal films

CoFeB*! and Fe.!*’! There have three possible sources ac-
counting for the large damping o, value. One source is that
the FGT as 2D vdW itinerant ferromagnet itself owns a huge
intrinsic Gilbert damping. The second source may be related
to the strong magnon scattering process as an additional mag-
netic relaxation channel near 7¢ and causes the enhancement
of linewidth and damping. The third source is the magnetiza-
tion inhomogeneity of the FGT sample.

1.0

0.8f

o

0.58

0.6 E R L)

0.4F

o 9

Qeff

0.2F

185 190 195 200 205
T (K)

Fig. 5. Effective damping constant O, as a function of temperature.
The orange dash line represents the average value of 0.58.

Note that our current FMR results with the relatively
limited temperature range due to a low excitation frequency
~ 9.48 GHz (or a low magnetic field range) prevent us from
extracting the magnetic damping coefficient accurately and
identifying the behind mechanism. The FMR spectra exper-
iments with a large magnetic field range or high excitation fre-
quency and first-principles calculations about damping or the
theoretical models need to be performed to explore further the
behind mechanism of such larger magnetic damping constant
in this 2D vdW itinerant ferromagnet.

In summary, we characterized the static magnetization
of the bulk FGT single crystal with a T¢c around 204 K
and obtained the temperature-dependent uniaxial magnetic
anisotropy constant K;. Furthermore, the FMR spectra were
also obtained by ESR from 185 K to 7¢ with a fixed frequency
of 9.48 GHz. The minimum linewidth AH,,, is larger than
1000 Oe when H || c-axis. We also estimated the damping
constant quantificationally from the out-of-plane angular de-
pendence of FMR spectra, and found that the effective mag-
netic damping Qg is about 0.58 near T¢. Our results not only
provide insights into the magnetic dynamical properties of 2D
vdW itinerant ferromagnet FGT, but also can significantly fa-
cilitate its future applications in spintronic devices.
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