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It has been challenging to achieve combined strong magneteglectricicoupling and narrow ferromagnetic resonance (FMR)
linewidth in multiferroic heterostructures. Electric field indueed large effective field of 1750e and narrow FMR linewidth of
400e were observed in FeCoSiB/Si/SiO,/PMN-PT nheterostruetures with substrate clamping effect minimized through
removing the Si substrate. As a comparison, FeCeSiB/PMN=RT heterostructures with FeCoSiB film directly deposited on
PMN-PT showed a comparable voltage inducéd. effective magnetic field but a significantly larger FMR linewidth of 2830e.
These multiferroic heterostructures exhibiting combined giant magnetoelectric coupling and narrow ferromagnetic resonance

linewidth offer great opportunities for integrated veltage tunable RF magnetic devices.

Multiferroic materials congsisting of beth magnetic property and ferroelectric performance have drawn a lot of attention
due to the strong magnetbeleciric (ME) coupling.* Recently, many multiferroic materials working in high frequency range
have been reported, 4vhich/give rise to a number of multiferroic RF devices, including filters, phase shifters, and integrated
RF inductors.> ¥ Moreoveruby utilizing magnetic-piezoelectric heterostructures in which the electric field applied to the
piezoelectri€¢ layer produCes a mechanical deformation that couples to the magnetic film, and hence induces a magnetic

anisotrepy.change, itds promising for one to develop electric field tunable RF devices due to strong ME coupling.****
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AI piﬁ rrent magnetic-piezoelectric heterostructures have been experimentally demonstrated by using different techniques
Pumieﬂiﬂ;ﬂ& :sses in order to maximize the electric field induced magnetic anisotropy.”*® By directly depositing of magnetic thin
films onto piezoelectric layers, Lou et al.”® have reported a FeGaB/PMNPT multiferroic heterostructure showing a giant
tunable resonance field of 3300e. However a broad resonance linewidth of ~1500e was detected, indicating a degraded
magnetic performance due to large roughness from PMN-PT surface. As a comparisons they have also reported®” a ME
coupling at microwave frequencies in a layered structure of epoxy-bonded FeGaB/Si and PMN-PT slab, which exhibited a
tunable resonance field of 300e while the linewidth was around 200e. However, dug to the large thickness and stiffness of
the Si substrate, the ME coupling strength is significantly reduced and far away frgm ideal, which is so-called substrate
clamping effect. To summarize the pros and cons of above two typical heterostruetures: the former one is maintaining a
strong interface adhesion to get rid of substrate clamping effect, thergfore, aqelatively giant tunability can be obtained.
However, the normally large roughness of piezoelectric layer causes poor magnetic film quality, which one can tell from
broad linewidth; the latter one can always achieve high magnetiefilm quality hence narrow linewidth since small roughness
Si is used as the substrate, but the induced magnetic anisotropysis quite limited due to substrate clamping effect. Moreover,

28-30\while some other

many thin film heterostructures integrated on Si are also suffering from the substrate clamping effect
single crystal piezoelectric materials such as PMN=P T are not'even compatible with Si-base device and IC micro-fabrication
process. So it is still very challenging to demonstrate large ME coupling with minimized substrate clamping effect meanwhile
maintaining narrow linewidth for multiferroic heterostructures and RF applications under a Si-friendly-circumstance.

In this work, FeCoSiB has beepsused due to its large magnetostriction constant (4s) and low saturation fields desired for
low-cost integrated tunable micfowave deviges with narrow linewidth. The multiferroic composites FeCoSiB/Si/SiO,/PMN-
PT were prepared in whichdve indtuced DRIE (Deep Reactive-lon Etching) MEMS process to remove Si substrate completely
after FeCoSiB deposition overSOIl (Si on insulator) wafer with in-film bias field of 2000e, then FeCoSiB (100nm) / Si
(10um) / SiO, (50nm)was epoxy bonded to 0.5mm (011) PMN-PT slab (H. C. Materials), with easy axis parallel and
perpendicular tof01-L] direction respectively (Figure 1(a) and (b)). DRIE is a highly anisotropic etch process which can be
utilized to remove Si frem the backside of wafers to achieve very thin but still uniform carrier substrates. One can easily
realize’whateverhickness (nm~um) needed for the substrate by controlling the thickness of buried SiO, layer and topmost Si
layer of ‘a, SOl avafer. The substrate clamping effect is expected to be minimized by using this approach while the narrow
linewjdth can be maintained. Therefore, this feature provides an alternative route for preparing integrated multiferroic

materials and fabricated Si-based tunable RF/micro-wave devices with very low loss. On the comparison, heterostructures

FeCoSiB/PMN-PT were prepared by directly sputtering of FeCoSiB, under the same condition, onto PMN-PT slab with
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A & |Pcal parameters with easy axis parallel to [01-1] direction, as schematically shown in Figure 1(c). Electric field induced

PUb“éHI'IQgIn magnetic hysteresis loops were measured by vibration sample magnetometer (VSM, Lakeshore 7400). The field-
sweep FMR spectra under different electric fields were tested by electron spin resonance (ESR) spectrometer with a

microwave cavity operating at TE;p, mode and X-band (9.5GHz).

(@)

FIG. 1. Scheme showing the structure of the FeCoSiB/.
FeCoSiB/PMN-PT multiferroic heterostructure ((c) E.A.

single crystal. \

Compared to the widely used lead zir \afehﬂ,@

i this work with 28-32% PT exhibit much larger in-plane piezoelectric coefficients
0

200pC/N, PMN-PT single crystals

of ds; of ~-1800pC/N and ds, of ~9 /N/for <011> poling. Given that the FeCoSiB films are very thin compared to the
PMN-PT substrates for bath kinds of thinates, they would experience the same strain states as the PMN-PT under electric
field. Therefore, large Mial strain is expected within the FeCoSiB film, allowing voltage control of magnetism by

strain-mediated

coupling. The electric field induced change in the in-plane magnetic anisotropy field 4H,; can be
calculated by the pi Aele?ric and inverse magnetoelastic equations

) DH,, =3/ EY | M @)

wherel s is tl‘s saturation magnetostriction constant, Y the Young’s modulus of the magnetic film, de the effective

p ectr fficient, E the applied electric field, and Ms the saturation magnetization. And des can be expressed as
-~
d. = vdy tdy  vd; tdy - dy - dy @)
@ 1-V° 1-V° 1+v
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l & IAP v is the P0|sson ratio of the magnetic film. According to Equation (2), it is concluded that the giant anisotropic

PUb“ﬁbz'Jlgn tric coefficients of the PMN-PT provide great opportunities for generating a large in-plane magnetic anisotropic
field and hence a large frequency tunability in RF applications.

Electric field induced change in magnetic hysteresis loops of the FeCoSiB/PMN-PT multiferroic heterostructure along

[01-1] direction of the PMN-PT single crystal is shown in Figure 2(a). The remnant magnetization ratio shows a remarkable

change when the electric field was varied from 0 to +8kV/cm. A low anisotropy field ié teved at zero electric field while

electric field of +8kV/cm corresponds to a much higher anisotropy field. One can a relatively high coercive field of

25~400e caused by the large roughness (~10nm) of the PMNPT surface. Co a 0 thisy Figure 2(b) gives the magnetic

hysteresis loops of the FeCoSiB/Si/SiO,/PMN-PT laminate along the same
—

similar trend of anisotropy field change is also observed. At the same time, a mug;\ lower coercive field of ~100e is obtained,

mﬁ-a.t various electric fields. A Clear and

implying a low loss and high quality of the magnetic film attributﬁthe m maller roughness (~0.2nm) of the Si surface.
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FIG. 2. Magnetic hysteresi Io of (a FeCoS|B/PMN PT multiferroic heterostructure and (b) the FeCoSiB/Si/SiO,/PMN-PT

laminate at various electric ds aleng the [01-1] direction.

The field-s eep/EM ectra of the FeCoSiB/PMN-PT multiferroic composites along [01-1] under different electric

fields are r nte F*‘lE]ure 3(a). A large shift of the FMR field from 6150e to 7800e can be observed with the applied

electric f;gld +8k cm. A butterfly-like curve of the effective FMR field (H¢) as a function of electric field is exhibited in
Figure"g(b) w a maximum tunability of 1800e. This again demonstrates the control of the effective magnetic field by

tri |e|d via strain mediated mechanism due to the piezoelectric effect. However, a linewidth over 2830e is shown in
Figure (a) indicating a large magnetic loss of the magnetic film. In terms of FeCoSiB/Si/SiO,/PMN-PT sample, on the
comparison, Figure 3(c) illustrates the electric field dependence of the effective magnetic anisotropy fields from the ME

coupling along the same direction (E.A.//[01-1]). The large shift of the effective FMR field from 5700e to 7300e with the

s
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l & 'rgse of the applied electric field from OkV/cm to +8kV/cm implies a strong ME interaction. The butterfly shape field

PUiné‘dﬂj\Uigr in this case (Figure 3(d)) shows a maximum tunability of 1750e, which is quite close to the value measured to the
FeCoSiB/PMN-PT laminate, indicating an effective minimization of the substrate clamping effect. At the same time,
according to Figure 3(c), a narrow linewidth of ~400e is achieved, which means the magnetic layer is holding a low tangent
loss and a high quality factor. This is also in good agreement with the results of the magnetic hysteresis loops as shown in
Figure 2(b). ?

As seen in all the curves under different electric fields in Figure 3(c), there is a cai FMR signal located on the lower
field sides of the main peak, which is a standing spin wave described as

H, = Hy — 2m2An? /(Myd?) ~y (3)

where H, is the corresponding field for exciting a particular spin-wave ;;e, nghe olume spin wave mode number, A the

exchange constant, related to the exchange coupling, and d the @ness of“the magnetic film.>* The uniform processing

mode corresponds to the case of n=0. The standing spin-wave modes obt‘r-?ed here are most likely the case of n=1, which are

the first modes to the lower field side of the main peak. The standing Spin wave is due to the surface anisotropy of magnetic

film.> % A difference of 1300e between Hyand H; ¢ ed in Figure 3(c). The FeCoSiB film tested exhibits a 4zMs

of 1.4T and the thickness d is 100nm. The exchan tant A, therefore, calculated from Equation (3) is 0.73x10° erg/cm,

-~
which is comparable to the exchange consta other magnetic materials such as permalloy,” FeAIN,* and Co-based

films, etc. \
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FIG. 3. (a) FMR spectra of the the FeCoSiB/PMN-PT multiferroic heterostructure at vari'c\?s electric fields, and (b) Effective FMR fields
as a function of electric field with the external magnetic fields along [01-1) directio PNIN-PT; (c) FMR spectra of the
FeCoSiB/Si/SiO,/PMN-PT laminate at various electric fields, and (d) Eﬁ@ fields as a function of electric field with the external
magnetic fields along E.A.// [01-1] direction of PMN-PT. MS

Figure 4(a) gives the change of FMR field along ections at various electric fields. As illustrated, the
ferromagnetic resonance field shifts downwards by 90Qe Under.an electric field of +8kV/cm with a linewidth of ~500e.
Correspondingly, the butterfly curves is exhibited I re 4(b), implying a maximum magnetism tunability of ~1000e. On
the contrary, a different electric field dependen yed when the FeCoSiB/Si/SiO,/PMN-PT heterostructure was tested

with external magnetic field along H.A.// ctlon This is reflected by the opposite trend of the effective magnetic

field shift and butterfly-like curve ye electric field, as shown in Figure 4(c) and (d). The resonance field shifts upwards
from 6500e at OkV/cm to 750@e at m and a maximum tunability of 1000e can be observed. A narrow linewidth of
~600e is obtained as well A1t is tabltyfhat the absolute values of the change of magnetic anisotropy field along [100] and

u%hbi\ch is consistent with the descriptions of Equation (1) and (2).

[01-1] directions are i
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FIG. 4. (a) FMR spectra of?Fe IS| i0,/PMN-PT laminate at various electric fields, and (b) Effective FMR fields as a function of
|

electric field with the external magnet s along E.A.// [100] direction of PMN-PT; (c) FMR spectra of the FeCoSiB/Si/SiO,/PMN-PT
laminate at various electric 'eW) ffective FMR fields as a function of electric field with the external magnetic fields along H.A.//

by utilizing DRIE process to minimize the substrate clamping effect, we have demonstrated a large

magnetism u@ility (50e through electric field induced, strain mediated ME coupling in FeCoSiB/Si/SiO,/PMN-PT

multiferreic . Meanwhile, the FMR linewidth of the FeCoSiB film, which is critical parameter for microwave
magnetie materials, stays under 500e. The ratio between the total tunable magnetic field and the FMR linewidth is as high as
45 Nh-nch is much higher compared to the direct deposited FeCoSiB/PMN-PT heterostructures with a ratio of 64%
(1800e/283.030e). This indicates an excellent figure of merit for low loss microwave devices. Since the SOI substrates

(Si/SiO,/Si) used in this work have 10 um thick topmost Si layer, it is worth mentioning that better ME coupling performance

can be expected in FM/SiO,/PE heterostructures where regular SiO,/Si substrates are used. Therefore, this work provides a
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l x kppla form for integration of multiferroic heterostructures with Si by DRIE process which exhibits a giant ME coupling

PUb”e§lai@)g« llent microwave performances. For instance, RF magnetoelectric inductors using DRIE followed by PMN-PT
bonding process has been reported with a giant voltage tunable inductance of >100% and a high quality factor.? *°
The work was financially supported by W. M. Keck Foundation, National Science Foundation (NSF) awards 1160504
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