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The first observation of microwave magnetoelectfitE) interactions through ferromagnetic resonance
(FMR) in bilayers of single crystal ferromagnetic-piezoelectric oxides and a theoretical model for the effect are
presented. An electric field produces a mechanical deformation in the piezoelectric phase, resulting in a shift
SHE in the resonance field for the ferromagnet. The strength of ME coupling is obtained from déith @s
E. Studies were performed at 9.3 GHz on bilayerg 4ifl) yttrium iron garnet(YIG) films and(001) lead
magnesium niobate-lead titana@eMN-PT). The samples were positionaultsidea TEoreflection type
cavity. Resonance profiles were obtainedEer0—8 kV/cm forboth in-plane and out-of-plane magnetic fields
H. Important results are as follows) The ME coupling in the bilayers is an order of magnitude stronger than
in polycrystalline composites and is in the range 1-5.4 Oe cm/kOe, depending on the YIG film thickhess.
The coupling strength is dependent on the magnetic field orientation and is higher for out-oHplaae for
in-planeH. (iii) Estimated ME constant and its dependence on volume ratio for the two phases are in good
agreement with the data.
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[. INTRODUCTION ferrite, resulting in a shifttHg in the resonance field. Infor-
mation on the nature of ME coupling could therefore be
The electromagnetic coupling in a ferromagnetic-obtained from data on shiffHg vs E.%*3 Such measure-
ferroelectric heterostructure is facilitated by mechanicalments of course require composites with low line width fer-
deformationt~” In an applied magnetic field, for example, romagnetic phases such as yttrium iron gafvé®). Studies
deformation arises due to magnetostriction and results in aan bulk polycrystalline samplesf 90 wt.% YIG -10% PZT
induced polarization because of piezoelectric effect. The inrevealed weak ME interactions because of low PZT
duced polarizatior® is related to the magnetic field by the  concentratiorf. But when the concentration of PZT was in-
expressionP=aH, wherea is the second rank magnetoelec- creased, FMR line broadening masked electric field effects
tric (ME) susceptibility tensor. We are interested in the dy-on the resonance field. Such line broadening problems, how-
namic ME effect; for an ac magnetic fieldH applied to a ever, could easily be eliminated in layered structure of
biased sample, one measures the induced electric field YIG-PZT. A further reduction in the line width is possible
The ME voltage coefficientag=0E/SH and a=ege,ag,  with the use ofsingle crystalYIG in the layered samples.
whereg, is the relative permittivity. Our recent studies on  Here we present results of investigations on microwave
bilayers and multilayers of ferrite-lead zirconate titanateME interactions in single crystal bilayers of YIG and lead
(PZT) and manganite-PZT indicated a giant ME effect with magnesium niobate-lead titanateMN-PT). In addition to
ag as high as 1500 mV/cm Oe at low frequencies. the advantage of low line widths for accurate determination
The frequencyf dependence ofi¢ is of interest. Investi- of ME coupling, our theory predicts an order of magnitude
gations so far have mainly focused on low frequencyenhancement in ME coupling in single crystals compared to
(10 Hz—500 kHx ME phenomena. Our measurements inpolycrystalline sample¥:** Further, an understanding of the
ferrite-PZT indicate a general increasedp with f over the  phenomenon requires the use of single crystals with known
range(10 Hz—10 kH2.5 With further increase in frequency, crystallographic, material and interface parameters. The mea-
a dramatic increase ing is observed at electromechanical surements at 9.3 GHz indicate strong ME coupling in the
resonancéEMR) due to radial acoustic modésthe EMR  bilayers. The ME coupling is found to be dependent critically
occurs at 100—400 kHz for disk shaped samples of diametean the H orientation and YIG film thickness. We also extend
25—10 mm. One anticipates a similar resonancegdns f at  our earlier theoretical model for microwave ME coupling to
a higher frequency due to thickness modes in the samplesinclude single crystal bilayers. Expressions have been ob-
This work constitutes the first investigation on the naturetained for resonance field shifts in terms of ME constants.
of ME interactions at microwave frequencigs-10 GH3 in Estimated field shifts are in very good agreement with data.
single crystal bilayers of ferrite/ferroelectrics. Ferromagnetic
resonanc€FMR) is a powerful tool for studies. An electric
field E applied to the composite produces a mechanical de- Bilayers(4 mmx4 mm) were fabricated with 1-11@m
formation in the ferroelectric that in turn is coupled to thethick epitaxial(111) YIG films on gadolinium gallium garnet

II. EXPERIMENT
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(GGG) substrates and 0.5 mm thi¢R01) PMN-PT for the B TGS BT
piezoelectric phas¥. Gold electrodes were deposited on _HandE//YIG <111>
PMN-PT for electrical contacts. A thin lay€r0.08 mm) of ™
epoxy was used to bond YIG to PMN-PT. The YIG film on §
the non-contact side was removed and GGG thickness was
reduced to 0.1 mm by polishing.

Microwave ME measurements at 9.3 GHz were per-
formed using a modified Varian electron spin resonance
spectrometer. A frequency stabilized klystron and B,
reflection type cavity withQ of 2000 were used. The incident
power on the cavity was kept small to about to 0.2 mW,
corresponding to an rf magnetic field of 1.7 mOe, to avoid
any sample heating at resonance. Holésnm diameteyr
were made at the center of the cavity bottom ans/dtfrom BRI
the bottom on the narrow side. The holes were necessary for R REER 1T - 0
measurements with the sammletsidethe cavity in order to o in
eliminate cavity overloading during resonance absorption. R T
The YIG films were first characterized by magnetization and T ,kf”j 6
FMR. The resonance field, for H parallel or perpendicular b xR e BT
to (111) plane was in agreement with expected values for the A A
effective  saturation  induction @M g=47Ms+H, 5150 5300
=1.8-1.9 kG, where #Mq is the saturation magnetization
and H, is the anisotropy field. We also found evidence for
anisotropy in the(111) plane, possibly due to strain at the  FiG. 1. Ferromagnetic resonan@&MR) at 9.3 GHz in a bilayer
YIG-GGG interface. The YIG/PMN-PT bilayer was then of (111) yttrium iron garnet(YIG) on gadolinium gallium garnet
mounted just outside the cavity holes for ME studies. Mea{GGG) substrate and001) lead magnesium niobate-lead titanate
surements were done with perpendicular to the bilayer (PMN-PT). A 13.2 micron thick YIG fim and 0.5 mm thick
plane and for the followingf field orientations(i) H parallel ~ PMN-PT were used. The profiles of absorption vs static magnetic
to (112 of YIG: for this case the sample was mounted on thefield H are shown for a series of electric fiell applied to the
narrow side.(ii) H parallel to (111) of YIG: Bilayer was bilayer and forE andH applied perpendicular to the bilayer plane
mounted at the cavity bottom. Absorption Msprofiles were and parallel to(111) axis of YIG. The profiles show an increase in
recorded forE=0—8 kV/cm. the resonance field witk.

1kV/icm

Power Absorbed (arb. units)

Static Magnetic Field (Oe)

. RESULTS sample magnetization and thdecreasehe externaH, nec-
essary for resonance. But the ME coupling manifests as an
Figure 1 shows representative data on electric field effectpcreasein H,.
on FMR at 9.3 GHz in a bilayer of 13.2m YIG and PMN- Similar measurements were made on bilayers with a se-
PT. The sample was placed outside the hole on the cavitifes of YIG thickness and the results are shown in Fig. 2. The
narrow side for these data. BothandH were alonql].l) of data On5HE vs E are forH andE a|ong<111> of YIG as in
YIG. For E=0, the figure shows FMR &1,=5235 Oe with a  Fig. 1. Consider first the results for the bilayer with 4
line width AH=6+2 Oe(vs 50-100 Oe for polycrystalline Y|G. A linear increase indHg with E is indicative
YIG)."> Some magnetostatic modes are also seen in the mpf the absence of bilinear ME effects. The ME constant
crowave absorption v profile. The condition for FMR  A=sH-/E obtained from the data is 5.4 Oe cm/kV. Upon
whenE=0 is given by increasing the YIG thickness to 13u2m, one finds a similar
wly=H, - 47M 1) behavior as for the bilayer with 4,8m film, but the ME
' eff constant is reduced to 4.4 Oe cm/kV. A further reduction in
wherew is the angular frequency angis the gyromagnetic Ato 2.3 Oe cm/kV is measured for the bilayer with 14t
ratio (and 4mM gy is defined earlier For the above field and thick YIG.
frequency and y=2.8 GHz/kOe, one estimates7M Ferromagnetic resonance studies were also performed for
=1.91 kG which is in agreement with expected values forH parallel to(111) of YIG by placing the bilayer outside the
YIG.1® With the application ofE=1 kV/cm, we notice in hole at the center of cavity bottom. Data showed an increase
Fig. 1 an up-shift inH, by sHg=4 Oe, butAH remains the in the resonance field with the application of an electric field
same. Further increase Eresults in an increase iH,. Al- to PMN-PT. But the magnitude ofHg and the coupling
though the data in Fig. 1 do not indicate any broadening oconstantA were relatively small compared to values for out-
narrowing of FMR, the intensity of the absorption increasesf-planeH. For the bilayer with 11Qum thick YIG, for ex-
with E. The magnetostatic modes, however, broaden andmple,A decreased from 2.3 Oe cm/kV for out-of-plaHe
merge a< is increased. The field shift data in Fig. 1 cannotto 1 Oe cm/kV for in-planeH. Since the microwave ME
be due to sample heating. Based on the resonance conditieffect arises due to piezoelectric effect in PMN-BHg and
in Eqg. (1) any sample heating is expected decreasethe A are very much dependent on the volumes of YIG and
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50 T . . . tive of the absence of measurable bilinear ME effects. From
(111)YIGB_"(‘;3$’) — 4.9ym the data, an ME coefficienA=0.25 Oe cm/kV was ob-
tained, in agreement with our theoretical estimates in Ref.
5 40 EandH/YIG<111> A 10. Thus bulk YIG-PZT and layered LFO-PZT samples show
e 9.3 GHz an order of magnitude weaker ME coupling than for single
= s crystal YIG/PMN-PT.
CQ 30 | * 7 13.2pum -
E IV. THEORY OF ME COUPLING AT FMR IN BILAYERS
§ 20 | i * i We consider a two-layer structure consisting of a single
§ 2 ~ crystal film YIG with cubic(m3m) symmetry and a poled
§ /} /*, ’F 110 um single crystal plate PMN-PT witkem symmetry about the
10 | ; ﬁ/ . poling axis. The influence of the electric field upon the pi-
/¢,/ - + - ezoelectric phase may be described®%$:
0 .l L L PSi = Sik" T — " B 2
0 2 4 6 8 10

whereE, is the electrical field intensityT;;, PS,, Pd,;;, and

Psju are the stress, strain, piezoelectric coefficient, and com-
FIG. 2. (Color onling Microwave magnetoelectric effect at Pliance tensors of the piezoelectric phase, respectively. As-

9.3 GHz in bilayers of111) YIG-(001) PMN-PT. The shift in the suming the electric field to be directed along the poling axis,

resonance fieldHg, measured from profiles as in Fig. 1, is shown i.€., E3=E, E;=E,=0 and taking into account two-index no-

as a function of for a series of YIG film thickness. The lines are tation for tensors we get:

linear fit to the data.
PS; =PdgaE + Pso(PT, +PTy) + P3Py,

E (kV/cm)

PMN-PTI® Figure 3 shows the measured variation &fg

for E=8 kV/cm with the volume ratio for both in-plane and PS, =Pdy,E +Ps),PT, + Ps T, + Ps T,
out-of-planeH. The field shift(and the ME constamd) de-
zggzlelownh increasing volume of YIG as predicted in our PS, =P, E + P ,PT, +Psy PT, + Ps P T, (3)

Next we compare the ME constant for the single crystalVe assume that the poling axis of the piezoelectric phase
bilayers with A for similar ferrite-piezoelectric bulk and lay- coincides with(111) axis of the magnetostrictive phase. In
ered samples. For bulk YIG-PZT composites, the measurethat case, the compliance tensor of the magnetostrictive
A=0.33 Oe cm/kV is an order of magnitude smaller thanphase has the form:
current values for single crystal bilayérs\Ve recently per- M. _m
formed microwave ME studies on multilayers of lithium fer- Sijkt = Sy Biir Bij B B (4)
rite (LFO)-PZT13 The sample contained 16 layers of LFO
and 15 layers of PZT, with a layer thickness of iB. Data
on the shiftéHg with E showed a linear dependence, indica-

where(1, 2, 3 is a coordinate system in which the axis 3 is
directed along the equilibrium magnetization gl matrix
of direction cosines of axed, 2, 3 relative to the crystal-

50 : : : : lographic coordinate systerfl’,2’,3’). For the magneto-
(111) YIG - (100) PMN-PT 9.3 GHz strictive phase we get:

40 | E=8kvem Sy =M1y + MTo) + Mg,
3 S~ _ Out-of-plane H// <111> . . -
£ i T~ i SR T PR P PR i P
S 30 ~L 4
S T~o 1S, =81, Ty + sy T, + sy 5 T, (5)
[ ~
8 20 % \i 4 Here ™T; and ™S, are the stress and strain tensors of the
s T - ___In-plane H //(111) magnetostrictive phase, respectively. Next we consider the
2 * -— \é' unclamped bilayer sample of YIG-PMN-PT composite with
€ 10k Tr— _+ 4 the following boundary conditions

PS,="S,, PS,="S,, PT3="T;=0,
0 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 PT,=="Py ™, PT,=-"uPy - ™T,, (6)

YIG-to-PMN-PT Volume Ratio m . L
where™ andPv are the volume fraction of magnetostrictive

FIG. 3. (Color onling Measured field shift aE=8 kV/cm as a  phase and piezoelectric phase, respectively.
function of YIG-to-PMN-PT volume ratio for in-plane and out-of- Solution of Egs(3) and(5) taking into consideration Eq.
planeH. The lines are guide to the eye. (6) yields:
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Ty =", = = PdgyEPu/[Po(Ms;, = Ms1) + Mo (Psyy + Psp) ] Q2= [Hs + Mo, (N, = les)];
(7) i#E
The influence of an external constant electric figldpon _ i i -

a magnetic resonance spectrum can be described by means of Qs = [H3 * MOEE(N“ N33)]’
an additional term in the thermodynamic potential that can
be found by taking into account elastic, magnetoelastic, mag- i
netostrictive, piezoelectric contributions under certain speci- Q4= ZMOZ Ni.
fied boundary conditions. The additional energy term in our 7E
present case is represented by: HereH,; is determined by Eq.10).

_ 2 2 2 Next we consider two important cases of magnetic field

AWpe == 3N 1odTr + M, + T M, =+ T3/ My, %) and stress directions for unclamped bilayeiis: H along

+ 2014(TeMy Mo+ Ts: My M, (113) and(ii) H parallel to(111). For the first case, the ma-
5 trix B8 has the form:

+ T4 Mo Msr)]2MG. (8)

= ’r'_ ”f_
Here the stress compon€eRt;, can be found from V6/3 \3/3 \3/3

i =| -6 7 /3], 13
Ty ="y By © Ay =|—6/6 \2/2 33 a3

) -\6/6 -\2/2 \3/3
where™T;; are determined by Eq7).
The magnetic resonance condition has the well-knowrand the geometrical demagnetization factors are
form:

N3 =N"=0, Ngg=4m. (14)
_ i N i LM
W=y [Hs"‘E (N3, - N33)M0][H3+2 (N2, ~ N3z Mg
I 1

For the second case bff parallel to(111) plane and tg011),

the matrix8 has the form:
i 2|12
wEMNQ}, (10 o
i V6/3 3/3 O
whereH; is the projection of an external magnetic field to- Bir=| - \;(”3/6 \@/3 _ \;’5/2 , (15)
wards the equilibrium orientation of the magnetization and — ~ _
kn, are demagnetization factors describing shape anisotropy, - \56/6 \’3/3 v'2/2

crystalline anisotropy and due to ME interactions. Effective . -

o . . and the geometrical demagnetization factors are
demagnetization factors due to the magnetic crystalline an-
isotropy and ME interaction are determined by following NF11=NF33=O, NF22=47T_ (16)

expressions: . ) ) o
Resonance line shift under the influence of the electric field

Ny = N =[2(8%,, + B3, + B55) = 6(8°11 Ban can be found from the equations provided here. Analytical
5 5> expression for resonance line shift is too tedious; it is more
* B 12 B 5 + By B 33) /IHAMo, practical to solve these equations numerically and to present
it graphically.

N322_ a33: [2(ﬁ431/ + BA32/ + :3433') - 6(3221/3231/

+ ,8222',8232' + ,8223/ Bzggr)]/Ha/MO:
The theory in Sec. IV facilitates the estimation of field
NE = 205160 Tii Bice B (11) shifts for comparison with data. The shifts are dependent on
the boundary conditiongclamped or unclamped bilaygys
where bllll_ b2222:b3333: 3)\100/(2MS), b1212:b13131: b2323 volumes of YlG, GGG, and PMN-PT. The Implled assump-
=3)\111/M§.. tion here is that the mechanical deformation at the YIG/
For magnetization directions considered hisfg,=0. PMN-PT interface is transmitted uniformly throughout the
Using Eq.(10) it is easily shown that the resonance line YIG film and the GGG substrate. In general, the electric field
shift under the influence of the electric field to the first orderinduced shift of resonance line can be described using an ME
in NE has the form: constant A:

M
OHg=- EO[QZ(NEl_ N§3) + Qs(Ngz_ N:Es) - Q4N52 )
1

V. DISCUSSION

SHe = A Eg, (17)

and A equals the resonance line shift fB=1 kV/cm. The
(12 model predicts a strong microwave ME interaction wiign
the volume fraction of the piezoelectric phase is sufficiently
high, (ii) the piezoelectric component has a large piezoelec-
Q1= 2H3+ Mo, [(N}; = N5a) + (Nby = Nbo) J; tric coupling coefficient andiii) the magnetic phase has a
i#E small saturation magnetization and high magnetostriction.

where
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6 T T T T (112). A values determined from FMR data are compared
+ with theory in Fig. 4. The measured values @jéhigher than
5 | 4 theoretical estimates fdi//(111), (ii) but are smaller when
H// <111> H//(111. There is overall good qualitative and quantitative
s | ? S % + i agreement between theory and data.
~ S~ The work described here is also of technological impor-
H//(11\1) ~Io~ . tance. The results in Figs. 1-4 also open up the possibility
i =~ +\ T~a 7 for a new class of magnetoelectric signal processing devices,
T~ * such as an FMR-based phase shifters and filters. The unique
2 b 4 and novel feature in such devices is the tunability with an
+ + electric field. Most ferrite-based devices use a permanent
magnet for the bias field and magnetic tuning of the devices
Tr + ] even over a narrow frequency range is rather slow and is
associated with large power consumption. It is clear from
0 L L L L Fig. 1 that with a ME composite, however, tuning could be
0 0.1 0.2 0.3 0.4 0.5 accomplished with an easy to generate electric field. For ex-
Volume Ratio of (YIG+GGG) to (PMN-PT) ample, a device based on YIG/PMN-PT operating at
9.3 GHz could be tuned over a frequency-width of 122 MHz
(or 6H,=44 Og by an appliedce=0-8 kV/cm.Profiles as in
Fig. 1 are useful for the design and characterization of such
devices.

ME Constant (Oe cm/kV)
w

FIG. 4. (Color onling Comparison of theorylines) and data on
the ME constanA for in-plane(circles and out-of-plangsquarep
H. The A-values are shown as a function of ratio of volumes of
(YIG+GGG) and PMN-PT.

. . . VI. CONCLUSION
The field shifts were calculated for by solving the above

equations numerically fofi) H parallel to(111) of YIG and Ferromagnetic resonance eband has been performed
(i) H parallel to<0T1> in (111 plane of YIG. Figure 4 shows on single crysta{111)YIG/(001)PMN-PT bilayers to obtain
the estimates on the dependence of ME constant A on thi formation on the nature of ME interactions. The strength of

volume ratio of YIG+GGG to PMN-PT. The results are for the ME coupling has been estimated from the resonance field

PMN-PT and GGG layer thickness of 0.5 and 0.1 mm, re_shlft QUe to an applied electric flel_d. Studies on bllayers_ with
. ) . a series of thickness for the YIG film show an increase in the
spectively, and for the following material parameters.

PMN—PT: piezoelectric coupling constantsly,=-600 field shift with decreasing film thickness. The ME coupling

12 Py — 12 . _ is stronger forH perpendicular to the bilayer than for in-
?tigspsmi\ééf 3i30_1125r?]2;<N1_(£s Ti\é ;\leg_olrznr?]lzlz;llr\llce con planeH. Estimates of resonance field shift with the YIG film
117 v S127 ' '

YIG.  magnetostrictions A you=—1.4%X10°6 Ayy=—2.4 thickness, volume ratio for the two phases &hdrientation

X 1078 47My=1750 G; anisotropy fielH,=-42 Oe; and are in agreement with the data.
compliance constants™s;;=4.8x 102 m?/N; Ms,=1.4
X 1072 m?/N.

The figure shows theoretical values Afvs the volume The work at Oakland University was supported by grants
ratio for both in-plane and out-of-pland. One notices a from the National Science FoundatigPMR-0302254, the
decrease irA with increasing YIG(or decreasing PMN-PT  Army Research Office, and the Delphi Automotive Corpora-
volume. An important inference from Fig. 4 is the predictiontion. The work at Novgorod State University was supported
of a stronger ME coupling for out-of-planid than for in- by a grant from the Russian Ministry of Educati@n02-3.4-
plane fields and is due to higher magnetostriction alon@78).
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