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1. Introduction

Thin films of yttrium iron garnet (YIG) have long been considered as promising candidates for a wide range of 
applications related to magnetics, microwave, and magneto-optic devices [1–3]. Pure YIG films have recently been 
shown to exhibit spin Seebeck effect (SSE), which is presently an active field in spin caloritronics research and 
potentially useful for thermoelectric applications [4–9]. Furthermore, partial substitution of Y3+ with either Ce3+ 
or Bi3+ is known to modify the magneto-optic and spin caloritronic properties of YIG [10–12]. For instance, Ce 
substituted YIG films exhibit significant enhancement in Kerr rotation angle as compared to pure YIG [13]. While 
Bi substituted YIG films show an increase in the spin Seebeck coefficient based on SSE experiments [14]. There are 
a few reports on the growth of Ce-doped YIG thin films using pulsed laser deposition (PLD); however, it is difficult 
to control substitution of Ce3+ for Y3+ since Ce3+ is known to readily oxidize to Ce4+ in O2 atmosphere during 
film deposition [15–17]. The formation of CeO2 limits Ce3+ substitution into the YIG lattice and phase separation 
results in degradation of the magnetic and magneto-optical properties of Ce:YIG films [13, 16, 18, 19]. To the best 
of our knowledge, there are no reports in the literature of using high resolution scanning transmission electron 
microscopy (HRSTEM) to provide direct evidence of the formation of CeO2 and the influence of background 
O2 concentration on the formation of single-phase Ce:YIG films. Furthermore, understanding the influence of 
rare earth ions substitution on magnon transport and consequent generation of the spin Seebeck effect in YIG 
and other magnetic insulators is of fundamental interest. In this paper, we show that Ce substitution in the YIG 
lattice can vary considerably with changes in the oxygen concentration during film growth. This conclusion is 
substantiated based on structural studies of films using the x-ray diffraction (XRD) and HRSTEM. The results 
are correlated with the observed magneto-optical and magnetic properties of the films. We also present results on 
spin Seebeck effect measurements for the optimized thin films.
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Abstract
Thin films of magnetic garnet materials, e.g. yttrium iron garnet (Y3Fe5O12, YIG), are useful for a 
variety of applications including microwave integrated circuits and spintronics. Substitution of rare 
earth ions, such as cerium, is known to enhance the magneto-optic Kerr effect (MOKE) as compared 
to pure YIG. Thin films of Ce0.75Y2.25Fe5O12 (Ce:YIG) have been grown using the pulsed laser 
deposition (PLD) technique and their crystal structure examined using high resolution scanning 
transmission electron microscopy. Homogeneous substitution of Ce in YIG, without oxidation to 
form a separate CeO2 phase, can be realized in a narrow process window with resulting enhancement 
of the MOKE signal. The thermally generated signal due to spin Seebeck effect for the optimally 
doped Ce:YIG films has also been investigated.
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2. Experimental methods

Ce:YIG and pure YIG films were grown by PLD technique onto (111)-oriented ×5 5 mm Gd3Ga5O12 (GGG) 
single crystal substrates using commercially obtained stoichiometric targets of Ce0.75Y2.25Fe5O12 and Y3Fe5O12, 
respectively. Deposition conditions such as substrate temperature, O2 pressure and laser (KrF, λ = 248 nm, 
repetition rate  =  10 Hz) fluence were varied to optimize the morphology, structural and magneto-optic properties 
of the films. The optimal temperature, pressure and laser fluence were determined to be 700 °C, 10 mTorr and  
 ∼1 J cm−2, respectively, for both Ce:YIG and YIG films. Further increase in the background oxygen pressure 
during deposition leads to reduction/disappearance of the Ce:YIG XRD peak and corresponding reduction of the 
magneto-optic Kerr signal. Herein we focus on two Ce:YIG films deposited at the optimal oxygen pressure of 10 
mTorr and at a higher pressure of 50 mTorr for comparison. The film deposition rates are found to be 0.34 nm s−1  
and 0.30 nm s−1 under oxygen pressure of 10 mTorr and 50 mTorr, respectively.

The films were structurally characterized using a Philips X′Pert diffractometer with a Cu-Kα; source and 
their thicknesses were determined from x-ray reflectivity (XRR) measurements. Scanning transmission electron 
microscopy (STEM), high-angle annular dark field (HAADF) imaging and electron energy loss spectroscopy 
(EELS) were carried out in an aberration-corrected Nion UltraSTEMTM 200 microscope operating at 200 kV 
equipped with a 5th order aberration corrector and a Gatan Enfinium EEL spectrometer. The EELS collection 
semi-angle was 33 mrad, and the EEL spectrum images were recorded with a dispersion of 0.5 eV/channel and a 
dwell time of 0.1 s/pixel. Cross-sectional samples from Ce:YIG films were used for the study and were prepared 
using conventional mechanical polishing and ion-milling process.

Longitudinal magneto-optic Kerr effect (MOKE) magnetometry measurements were performed at room 
temperature using a NanoMOKE 3 system from Durham Magneto Optics using linearly polarized 660 nm laser 
radiation with an incidence angle �30 . Magnetization hysteresis loops were measured by vibrating sample mag-
netometer (VSM) in a PPMS  DynaCoolTM system (Quantum Design) at room temperature. For the longitudinal 
spin Seebeck effect (LSSE) measurements, a 6 nm thick Pt film was deposited in situ on top of the PLD grown 
Ce:YIG and YIG films by DC sputtering at 20 W power and 5 mTorr Ar pressure.

3. Results and discussions

Figure 1 shows partial XRD θ– θ2  scans about GGG (4 4 4) subtrate peaks for two Ce:YIG films deposited at  
10 mTorr (a) and 50 mTorr (b), repectively, and a YIG film deposited at 10 mTorr (c). In figure 1(a) a distinct 
peak at θ≈ �2 50  is observed that can be attributed to Ce:YIG (4 4 4) (at 10 mTorr). However, this peak is absent 
in the Ce:YIG film deposited at higher O2 pressure in figure 1(b) (at 50 mTorr). No separate peak is also noted for 
the pure YIG film in figure 1(c). This is expected considering the very similar lattice constants for YIG and GGG 
leading to an overlap of the peaks (due to limitation of our XRD instrument’s resolution) [20, 21]. The observed 
Ce:YIG (4 4 4) peak shifts to lower angle for the Ce:YIG film (at 10 mTorr) due to the lattice expansion caused 
by larger radius Ce3+ ion (1.13 ̊A) substitution for Y3+ ion (0.95 ̊A). The absence of this peak in the Ce:YIG film  
(at 50 mTorr) suggests that Ce3+ is not completely incorporated in the YIG lattice for the high oxygen concentration, 
which is confirmed from STEM imaging results as discussed in the next section.

Figure 1. Partial XRD θ– θ2  scans for Ce:YIG and YIG films ( = ±thickness 65 5 nm) grown on GGG (1 1 1) substrates with different 
O2 deposition pressure. The splitting of GGG (4 4 4) peaks is due to Cu-Kα11 and Cu-Kα22 radiation wavelengths.

Mater. Res. Express 4 (2017) 076101
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The Ce:YIG films are grown along the (1 1 1) direction of the GGG garnet structure and the cross-section sam-
ples are viewed along the orthogonal [ ¯ ¯ ]1 1 2  orientation for the sample grown at lower O2 partial pressure and the 
[ ¯ ]1 1 0  orientation for the sample grown at higher O2 partial pressure. Figures 2(a) and (b) show the arrangement of 
the cations when viewed along the [ ¯ ¯ ]1 1 2  and [ ¯ ]1 1 0  orientations, respectively. Figure 2(c) shows a HAADF image 
of the interface between the GGG substrate and the Ce:YIG film for the sample grown at lower O2 pressure. As the 
contrast in a HAADF STEM image is roughly proportional to Z2 [22], with Z being the atomic number, only the 
cation columns are visible with the heavier atomic columns appearing brighter. The oxygen atomic columns are 
not visible due to dynamic range constraints. As Gd (Z  =  64) and Ga (Z  =  31) are heavier than Y (Z  =  39) and Fe 
(Z  =  26) respectively, the GGG substrate appears brighter than Ce:YIG film in the Z-contrast image. We find the 
film grows epitaxially and the interface is free of any line-defects. From an analysis of the column intensities, we 
find most of the Ce atoms to be present in the Y-only atomic columns with some being present in atomic columns 
that have both Y and Fe. Figures 2(d) and (e) show the HAADF intensity along a horizontal line obtained from a 
Ce-doped YIG region and the GGG substrate, respectively. We focus on the three atomic columns that have been 
shaded in figure 2(b). The central column appears the brightest as it contains only the heavier Gd (Y) atoms. The 
columns on either side of the bright central column, which contain a combination of Gd (Y) and lighter Ga (Fe) 
atoms, appear less bright. From the HAADF intensity line profile in GGG, it can be seen that the relative intensity of 
these three atomic columns remains similar everywhere. In contrast, from the line profile in Ce-YIG, it can be seen 
that the intensity of the central column at  ∼2 nm is higher than the intensity of the central columns at  ∼0.4 nm 
and  ∼3.5 nm. This is due to heavier Ce ions substitutionally occupying the Y-site.

Figure 2. Crystal structure of garnet oriented along (a) 1 1 2[ ¯ ¯ ] direction and (b) 1 1 0[ ¯ ] direction. Only the cations are shown for 
clarity. The heavier Gd (Y) atoms are in green and the lighter Ga (Fe) atoms in GGG (YIG) are in blue. The shaded regions in  
(b) highlight the atomic columns containing a combination of Gd (Y) and Ga (Fe) atoms in the outer columns and only Gd (Y) 
atoms in the central column. (c) HAADF STEM image of the Ce:YIG/GGG interface in the sample grown at 10 mTorr O2 pressure. 
(d) and (e) HAADF intensity obtained from a horizontal line in Ce:YIG and GGG, respectively. The shaded regions mark the areas 
from where the intensity profile has been obtained. The scale bar in the HAADF images is 5 nm.

Mater. Res. Express 4 (2017) 076101



4

Z Li et al

Figure 3(a) shows a HAADF image of the interface between the GGG substrate and the Ce:YIG film from the 
sample grown at higher O2 pressure, which is oriented along the [ ¯ ]1 1 0  direction. In sharp contrast to the sample 
grown at lower O2 pressure, the presence of a secondary phase embedded in the YIG matrix can be clearly observed. 
The secondary phase particles grow about  ∼3 nm away from the interface with the substrate. The fact that the 

Figure 3. (a) HAADF STEM image of the Ce:YIG/GGG interface in the sample grown at 50 mTorr O2 pressure. (b) Set of 
simultaneously acquired HAADF image (top) and EELS of the Fe L edge (middle) and Ce M edge (bottom). (c) The EELS spectrum 
of Ce M edge obtained from Region 1 highlighted in the Ce spectrum image in panel (c) along with a reference spectrum for Ce4+ in 
CeO2. The scale bar in the HAADF images is 5 nm.

Figure 4. (a) MOKE signal of Ce:YIG films grown with 10 mTorr and 50 mTorr O2 as a function of the applied magnetic field for 
laser wavelength λ  =  660 nm. MOKE signal for a pure YIG film is shown in the inset. (b) Normalized in-plane (IP) magnetization 
versus field curves in 1 1 0[ ¯ ] and 1 1 2[ ¯ ¯ ] directions for Ce:YIG/GGG film deposited in 10 mTorr O2. The inset shows plots of 
normalized Kerr rotation as function of field for in-plane �90  rotation of the sample. The insets axes have the same units as the 
primary plot unless specified. All measurements were done at room temperature.

Mater. Res. Express 4 (2017) 076101
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secondary phase appears brighter than the YIG matrix suggests that it is rich in Ce atoms (Z  =  58), which is heavier 
than the Fe and Y cations in YIG. Simultaneously, acquired EELS-derived elemental maps of Fe L edge and Ce M 
edge (figure 3(b)) from a representative area of the film shown in the Z-contrast image confirm that the secondary 
phase is rich in Ce. The shape and position of the peaks in the Ce M edge is sensitive to the oxidation state of Ce. 
By comparing the position and intensity of the M5 and M4 peaks to a reference EELS spectra obtained from CeO2 
as shown in figure 3(c), we can confirm that the secondary phase particles are CeO2 with Ce in  +4 oxidation state 
[23]. In addition, from the intensity in the Ce EELS-derived elemental map, it can be inferred that most of the 
cerium atoms form the secondary phase ceria rather than being present as dopants in the YIG lattice. The STEM 
and EELS results show significant structural and chemical differences in these two samples which are in agreement 
with the XRD spectra in figure 1.

Figure 4(a) shows MOKE measurement results at 300 K for both Ce:YIG films grown at 10 mTorr and 50 mTorr 
O2. The magnitude of the saturated Kerr rotation signal for the homogeneously Ce-substituted film grown at lower 
oxygen pressure is significantly higher ( ±46 2 mdeg) than that for the phase-separated film obtained at higher 
pressure ( ±12 2 mdeg), consistent with the structural results obtained from XRD and STEM. For comparison, the 
magnitude of the Kerr signal for the pure YIG film is less than 1 mdeg at the same wavelength, as shown in the inset 
(figure 4(a)). Thus the optimally deposited Ce:YIG film exhibits more than 45 times higher signal as compared 
to pure YIG. The coercivities of the 10 mTorr and 50 mTorr films are ±3.0 0.5 mT and ±5.5 0.5 mT, respectively. 
In comparison, YIG films have much lower coercivity (∼0.1 mT) [24, 25]. The increase in coercivity due to Ce3+ 
substitution is consistent with previous studies [13, 26].

Figure 4(b) displays normalized magnetization as a function of applied magnetic field measured at room 
temperature for the optimally grown Ce:YIG/GGG (1 1 1) film in the two in-plane orientations ([ ¯ ]1 1 0  and 
[ ¯ ¯ ]1 1 2 ), parallel to the substrate edges. The saturation magnetization value (Ms) for Ce:YIG film is calculated to be  
±130 7 kA m−1 and the YIG/GGG film has a value of ∼ ±M 144 5s  kA m−1 (figure not shown). In contrast to 

some literature reports of obtaining a higher value of Ms for Ce:YIG films than YIG [13, 14, 27], we obtain a slightly 
lower magnetization. One possibility for this reduction might be because the Y3+ (4d0) cations do not contribute 
to the magnetization, however, Ce3+ (4f1) cations do contribute  ∼1µB, which would reduce the total magnetiza-
tion when its moment is antiparallel to d-site Fe3+ cations [28]. Indeed, Liang et al have theoretically predicted 
a decrease in the magnetization value on Ce3+ substitution of YIG [29]. Furthermore, previous report showed a 
difference in the shape of the hysteresis loops obtained by in-plane �90  rotation of the film, and this difference is 
attributed to the presence of in-plane uniaxial anisotropy caused by relaxation in the Ce:YIG film [13]. However, 

Figure 5. (a) Schematic illustration of LSSE set-up. (b) Voltage VLSSE of Ce:YIG film and (c) saturation voltage Vsat of Ce:YIG and 
YIG films as a function of the external magnetic field H for various temperature gradients ∆T when α = �90 . (d) Voltage VLSSE of 
Ce:YIG film as a function of the external magnetic field H for various angles α when ∆ =T 20 K at room temperature.

Mater. Res. Express 4 (2017) 076101
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in our optimally grown Ce:YIG film the two in-plane hysteresis loops essentially overlap with each other evidenc-
ing a homogenously strained film. In the inset of figure 4(b), we show two plots of normalized Kerr rotation as a 
function of field obtained in the [ ¯ ]1 1 0  and [ ¯ ¯ ]1 1 2  directions for the 10 mTorr Ce:YIG film. These plots are similar 
to those obtained from VSM measuremnts.

To investigate the influence of Ce substitution on magnon transport, we have investigated the longitudinal spin 
Seebeck effect (LSSE) in Ce:YIG films and compared with pure YIG films. Figure 5(a) shows a schematic diagram of 
the LSSE measurement set-up. The LSSE measurements are performed on optimized Pt/Ce:YIG/GGG and Pt/YIG/
GGG samples at room temperature. An external magnetic field H is applied in-plane of the layers and a temperature 
gradient ∆T is created between the top of the Pt layer and the bottom of the GGG substrate by sandwiching the 
stack between two copper blocks. A spin current is generated due to the temperature gradient ∆T in Ce:YIG or YIG 
film and the spin current is injected into the Pt film [30]. The spin current is then converted to charge current by the 
inverse spin Hall effect (ISHE) [31–33]. The electric field EISHE due to such charge current is given by the formula

σ= ×E JDISHE ISHE s (1)

where DISHE is the coefficient of ISHE, Js is the spin current density, and σ is the spin polarization vector [5]. The 
generated spin Seebeck voltage (VLSSE) across the two ends on the top Pt layer is measured in ambient air condition 
using a nanovoltmeter. Figures 5(b) and (c) show the voltage (VLSSE) and saturation voltage (Vsat) as a function of 
temperature gradient ∆T from 0 K to 30 K. We observe an asymmetric behavior in figure 5(b) due to magnetic 
field switching. Without any temperature difference between the top of the platinum layer and the bottom of the 
GGG substrate (∆ =T 0 K), a negligible voltage is detected. However, when a temperature gradient is applied, the 
magnitude of voltage difference after saturation Vsat, defined by ( )/−V V 2max min , is proportional to the temperature 
gradient ∆T. Furthermore, the magnitude of the slope of fitted curves, defined by the ratio /∆V Tsat , indicates 
the performance of pure YIG film is better than Ce:YIG film (figure 5(c)). A possible reason may be due to an 
increase in the Gilbert damping parameter with Ce substitution, since the spin current Js is inversely proportional 
to the damping parameter. Indeed, it has been shown that with Ce doping the damping parameter increases by 
a factor of 100 as compared to pure YIG [13, 14]. The voltage signal Vsat also depends on the angle α between H 
field and voltage measurement direction. From figure 5(d), we can see that the data points of Vsat from α = �0  to 
α = �360  fit very well with the red curve being a simulated sine function. Thus, the angular dependence of Vsat is 
in agreement with earlier results [34, 35].

4. Conclusions

In conclusion, epitaxial Ce:YIG (Ce0.75Y2.25Fe5O12) and YIG (Y3Fe5O12) films have been grown on GGG (111) 
substrates by PLD technique. Homogeneous Ce substitution in the YIG crystal lattice is favored at lower O2 
pressure (10 mTorr) that results in an enhanced MOKE signal. In contrast, a separate CeO2 phase is formed along 
with partically substituted YIG at higher oxygen pressure (50 mTorr), leading to a reduction in the MOKE signal. 
Both the Ce:YIG films show considerable enhancement in the Kerr rotation as compared to pure YIG (from  ∼1 
mdeg in YIG to  ∼46 or  ∼12 mdeg in Ce:YIG), which makes them promising candidates for magneto-optic device 
applications. The spin Seebeck effect measurements on Ce:YIG films show similar trends and comparable results 
with pure YIG films suggesting potential applications for thermoelectric generation.
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