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We study magnetic-field-dependent nonresonant

microwave absorption and dispersion in thin

Laj 7Sty 3MnOs films and show that it originates from colossal magnetoresistance. We develop a model for the
magnetoresistance of a thin ferromagnetic film in an oblique magnetic field. The model accounts fairly well for
our experimental findings, as well as for the results of other researchers. We demonstrate that nonresonant
microwave absorption is a powerful technique that allows contactless measurement of magnetic properties of
thin films, including magnetoresistance, anisotropy field, and coercive field.
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I. INTRODUCTION

The colossal magnetoresistance of manganites has been
extensively studied by transport methods and was attributed
to the double-exchange mechanism,! although the detailed
mechanism has not been unambiguously established so far.
This encourages experimental study of magnetoresistance in
manganites by complementary methods. Contactless tech-
niques, such as microwave absorption, are particularly ad-
vantageous here. This is the purpose of our present study: to
explore potential of the microwave absorption technique to
measure magnetoresistance in manganites.

So far, microwave absorption in manganites has been
studied by the cavity perturbation technique. The measure-
ments in constant field>* revealed microwave absorption lin-
early dependent on magnetic field that was attributed to co-
lossal magnetoresistance. The measurements in alternating
field, using the field modulation technique,’”’ revealed a very
broad nonresonant absorption. Lyfar et al.” assumed that it
originates from the colossal magnetoresistance (CMR) as
well. In this work we systematically study the field and an-
gular dependence of nonresonant microwave absorption in
epitaxial Laj ;Sr;3MnOs films and prove its magnetoresistive
origin.

We perform our measurements using a Bruker X-band
electron-spin-resonance (ESR) spectrometer equipped with a
bipolar current source. While such spectrometers are widely
used for magnetic resonance measurements, their employ-
ment for the study of nonresonant microwave absorption has
been restricted mostly to superconductors.® In this work we
develop a methodology to analyze the nonresonant micro-
wave absorption measured using the ESR spectrometer and
field modulation techniques. Since the ESR technique is very
sensitive and versatile, our approach opens a powerful op-
portunity to study the magnetoresistance of different materi-
als in a contactless way.
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PACS number(s): 75.47.Lx, 75.47.Gk, 76.50.+g, 75.70.—1i

II. MODEL

A. Ferromagnetic film in oblique magnetic field:
Magnetostatics

To calculate magnetization of a thin ferromagnetic film in
oblique magnetic field we consider its free energy

®= (DO(M) + Uuni.mtropy + Udemugnetization + UZeeman' (1)

The first term here absorbs all angular-independent contribu-
(M=-Mo)*
3 . +const, where

tions. We approximate it by ®y(M)= o

M, is the zero-field magnetization and )(0=% is the bulk
magnetic susceptibility. We assume the “easy-plane” aniso-
tropy (this includes the shape and the crystalline anisotropy);
hence, Ugpisorropyt Udemagneﬁzaﬁon:[%zcosz O, where O is the
polar angle of magnetization, W is the polar angle of the
external field, and 8>0. The anisotropy field is H,=BM.
Equation (1) reads then

(M - M,)* LBV
2)(0 2

d(M,0) = cos’> ® — MH cos(® — W),

2)
where we retain only those terms that depend on M and ©.
The equilibrium conditions (%) w=0; (%)@):0 yield

BM sin © cos ® = H sin(® — V), (3a)

M—-M
— BM cos®> ® — H cos(® — W) =0. (3b)
Xo

To analyze the induced magnetization AM=M(H)-M,, we
reduce the above equations to a single one

AM = xo[H cos(® — V) - H, cos® O]. 4)

The two terms in square brackets account for the effects of
the external and anisotropy field, correspondingly. The ana-
lytical solution of Eq. (3) is cumbersome; hence, we consider
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https://core.ac.uk/display/291498622?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevB.76.184414

GOLOSOVSKY et al.

simplifications which occur in extreme cases.
(i) Parallel orientation, W=1/2:

@ = ’77/2, X = Xo» AMparallel = XOH (5)

(ii) Perpendicular orientation, ¥=0:
(a) Low field, H<H,:

AM" " =(. (6)

H
cos®=;, x=0, perp =

Although the magnetization is not orthogonal to the external
field, the induced magnetization is zero. Indeed, the induced
magnetization is determined by the internal rather than by
the external field. In the perpendicular orientation, the inter-
nal field in exactly zero for H<H,,.
(b) High field, H>H,;
=0, x=xo0. AM}S"~xo(H-H,). (7)

(iii) Intermediate angles:
(a) Low field, H<H,: Since the magnetization is almost

parallel to the film, then
~7/2, AM=xoHsinV¥. (8)

The susceptibility y(H ,@):% exhibits discontinuity at zero
field,
X+ = X==2Xo|sin ¥|. )

(b) High field, H> H,: Since the magnetization is almost
collinear with the field, then

H,sin ¥ cos ¥
O=V+———, 10
H-H,cos2W¥ (10)
AV~ H<1 u) (an
Xo H+H,sin>V¥)’
X (Ha sin ¥ cos ‘I’>2 (12)
Xo H+H,sin?V¥ )’

B. Ferromagnetic film in oblique field: Magnetoconductance

We wish to calculate conductivity of a thin ferromagnetic
film in oblique magnetic field having in mind manganite
compounds. Magnetic field is responsible for the colossal
and anisotropic magnetoconductance.

Colossal magnetoconductance in manganites is usually
attributed to the double-exchange mechanism. According to
this scenario, the conductivity is determined by the magni-
tude of magnetization and is almost independent of its orien-
tation with respect to crystallographic axes,?~''—in other
words, o=a(M?).'>!3 We consider the temperatures not too
close to T and moderate fields H<<1 T when the magneto-
conductance is small compared to the zero-field
conductance.'*'% Then, the relation between the magneto-

conductance, Ac(H)=o(H)-0, and magnetoresistance,
. . . Ap(H) Ao(H)
Ap(H)=p(H)-p,, is especially simple: o =~ o, » Where

po and oy are zero-field resistivity and conductivity. From
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FIG. 1. (Color online) Experimental setup. The sample, which is
a thin film on substrate, is firmly attached to the sample holder and
is mounted in the center of the resonant cavity, in the antinode of
microwave magnetic field. The dc magnetic field H is perpendicular
to the microwave magnetic field 4,,,, and is oriented at an angle W
with respect to the film normal. This angle can be varied by rotating
the sample.

now on we focus on the magnetoconductance and write

do
H) = - AM(H). 13
a(H) 00+<dM>H=O (H) (13)
We substitute Eq. (4) into Eq. (13) and find

d
AcMR = o(H) - 0y = Xoch/r[[H cos(® — W) — H, cos’> O].

(14)

Equation (14) depicts a positive magnetoconductance whose
magnitude is determined by the factor Xoj_;, (here, xq is the
ionic part of the magnetic susceptibility in the ferromagnetic
state that arises from incomplete spin polarization of Mn ions
at finite temperature and does not include the Pauli suscep-
tibility of charge carriers) and whose field and angular de-
pendences are determined by the terms in square brackets.
Equation (14) improves the previous result of O’Donnell et
al.'7 who did not consider the term H, cos’> ® arising from
the demagnetizing and anisotropy fields.

Anisotropic magnetoconductance can be written as
follows:!”

O'AMR=(1—bSin2 @J)O'(), (15)

where oy is the (field-dependent) conductivity when the cur-
rent is parallel to magnetization, @ is the angle between the
magnetization and the current, and b is a small dimensionless
constant which has positive sign in manganites.”!? In the
common magnetic resonance geometry the microwave cur-
rent is predominantly oriented perpendicularly to the rotation
axis (Fig. 1). Then for negligible in-plane anisotropy and for
oblique field orientation we find ®,;~90°-®. The conduc-
tivity in magnetic field is
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o(H) = (1 - b cos’ O)ay. (16)

The field dependence of the conductivity arises from the
term oy(H)—this is due to colossal magnetoresistance; and
since the angle ® can be field dependent, from the term
b cos* O that accounts for the anisotropic magnetoresistance.
The CMR is a strong effect which appears at all field orien-
tations and results in conductivity linearly increasing with
field that comes to saturation at high field on the order of a
few tesla. On the other hand, the anisotropic magnetoresi-
tance (AMR) is a weak effect which is prominent only at
oblique field orientation and it comes to saturation in a rela-
tively small field, H~ H,, (less than 0.5 T). Hence, at high
field the CMR makes the dominant contribution, while at
low-field and oblique-field orientation the CMR and AMR
contributions may be comparable.

C. Nonresonant microwave absorption and magnetoresistance

The inductive methods for measuring magnetoresistance
are advantageous since they are contactless and allow for the
sample rotation in magnetic field. This is most easily realized
using a cavity perturbation technique where conducting
sample is mounted off center in the resonant cavity? or in the
antinode of the microwave electric field.>'®!° We consider
here a different setup where the sample is mounted in the
antinode of the microwave magnetic field. Although this cor-
responds to the electric field node, Zhai et al.?® showed that
the conductivity may be measured in this configuration as
well. We prefer this setup since it allows for the measure-
ment of the resonant magnetic susceptibility as well.

For the qualitative analysis of our measurements we fol-
low Ref. 21 and consider the complex magnetic susceptibil-
ity of an infinite conducting film in a uniform parallel micro-
wave field,

(sinh u + sin u) + i(sinh u — sin u)

=(1+y, B
me ( th) M(COSh u + cos u)

(17)

Here, x;, is the intrinsic microwave magnetic susceptibility
of the film, d is the film thickness, 6=(2/uwo 112 {5 the skin
depth, w is the microwave frequency, wu=uy(l+ x;,) is the
intrinsic magnetic permeability, and u=d/ . For a thin film,
u<<l, Eq. (17) reduces to

ut P

o = Xim— = +i—. 18
X = Xint = 55+ 07 (18)
The first term in Eq. (18) corresponds to intrinsic microwave
susceptibility. It is non-negligible only at the field corre-
sponding to the ferromagnetic resonance. The resonance field
is found from the well-known expression®?

2
<2) =[H,.s cos(® — W) — H, cos’ O]
Y

X[H, . cos(® = W) — H, cos 20]. (19)

The second and third terms in Eq. (18) account for the
eddy-current contribution to the real and imaginary parts of
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magnetic susceptibility, correspondingly (see also Ref. 23).

To estimate this nonresonant contribution we neglect yx;,, in
Eq. (18) and find

2
" M wad
Xow = . 12 > (208)
2 20_2d4
’ M@ "
XanV = 0 120 < me' (20b)

Equation (20b) indicates that the eddy-current contribu-
tion to the real part of the thin-film susceptibility is negli-
gible, while Eq. (20a) shows that the lossy part of the effec-
tive magnetic susceptibility of a thin film is proportional to
the conductivity (this is in contrast to thick films where it is
proportional to the resistivity?’). Therefore, by measuring the
Xo Of @ thin film one can find its conductivity.

III. EXPERIMENT

A. Samples

We studied thin epitaxial Lagy;Sro3MnO; films (d=50,
100, 150, and 200 nm) on a (001) SrTiO; substrate and
Lag 67S1)33Mn0O5 films (d=50 and 150 nm) on a NdGaO;
substrate. The films were grown by the pulsed laser deposi-
tion technique in two different laboratories’*?> and cut to
small 1X 1 mm? pieces in order to keep a reasonable value
of the cavity Q—factor. The film thickness is much smaller
than the skin depth at 10 GHz (=22 um at 295 K and
6=5 pm at 50 K). Although the T and coercive field of
the samples were different, almost all of them showed
measurable microwave magnetoconductance. Most of the
results shown here were obtained using 200-nm-thick
Lay 7SrpsMnO; films on SrTiOs.

B. Basics of the ESR spectrometer

We utilized a bipolar Bruker ESR spectrometer operating
at 9.4 GHz, a TE,, resonant cavity, and an Oxford cryostat.
The sample is mounted in the cavity center. The microwave
bridge measures reflected signal from the cavity with the
sample. The bridge is balanced and the cavity is critically
coupled at H=0. The dc magnetic field is then slowly swept.
If the complex microwave magnetic susceptibility of the
sample, Xx,...» depends on magnetic field, the condition of
critical coupling is violated and a reflected signal appears:

P o X (H) Q. 21

Here Q is the Q factor of the cavity, »=V/V, is the filling
factor, V is the sample volume, and V, is the cavity volume.
The phase setting of the microwave detector chooses either
absorption, P, X,,,» or dispersion, P, x, ... To achieve
high sensitivity, the dc field is modulated and the modulated
reflection

dpP

Smod = E{Hmod (22)

is measured using a lock-in detector. Here, H,,,, is the am-
plitude of the modulation field. To find the absolute reflec-
tivity, the modulated reflection is integrated,
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1 H
P(H) = P(HO) + SmoddH' (23)

mod Y H

Here H, is the lower limit of the dc field sweep and P(H,)
should be determined independently.

C. Extraction of the genuine signal

In the context of ESR spectroscopy, the nonresonant mi-
crowave absorption is represented by the modulation signal
base line that consists of several contributions:

Smod = Sbridge + Suibr + Ssample' (24)

(1) Sprigge- @ constant offset that originates from the elec-
tronics of the microwave bridge. We use a symmetric (with
respect to the zero) field sweep, find the average signal S,
and subtract it from our results. Since S,;, and S, are
odd functions of the field, they do not contribute to the av-
erage signal; hence, Sy,ig00=Sape-

(ii) S,ipr L pogH. This contribution comes from the cavity
wall vibration. Indeed, when the ac current [,,, flows
through the modulation coils (they are usually firmly at-
tached to cavity walls) the cavity acquires periodic deforma-
tion in the dc magnetic field H. The shape of the cavity and
its resonant frequency are modulated, the condition of criti-
cal coupling is periodically violated, and there appears a re-
flected signal that is proportional to the mechanical force on
cavity walls. This parasitic contribution linearly depends on
field and can be easily taken for the magnetoresistance sig-
nal.

To eliminate the vibration contribution S,;,,, we choose a
special phase setting of the lock-in detector. Indeed, since the
vibration signal is phase shifted with respect to the modula-
tion current (most probably due to proximity of the modula-
tion frequency to mechanical resonances of the cavity), it is
maximized at a certain phase setting of the lock-in detector,
#0. However, the genuine signal, arising from magneto-
conductance in the sample, is in phase with the modulation
field and it is maximized when ¢=0. Therefore, by setting
the lock-in detector phase in quadrature with the vibration
signal we eliminate the latter. Although the magnitude of the
genuine signal is also diminished by cos ¢, it does not dis-
appear completely.

To verify the elimination of the vibration contribution we
analyze the dispersion signal. Note that vibration contribu-
tions into absorption and dispersion signals are comparable,
while magnetoconductance contributes mostly to the absorp-
tion signal [Eq. (20)]. Therefore, the test for the proper
choice of the lock-in detector phase is that the linear base
lines in derivative dispersion and absorption signals disap-
pear simultaneously.

(iii) Syampie is the genuine signal which arises from the
microwave absorption in the sample. The nonresonant ab-
sorption signal associated with the conductor loss is found
from Egs. (20a), (21), and (22):
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FIG. 2. (Color online) Absorption derivative at different orien-
tations of the magnetic field. ¥'=0° and ¥=90° stand for the per-
pendicular and parallel orientations, correspondingly. The arrow
shows the direction of the field sweep. Modulation field is 10 Oe.
The experimental data are shown by small circles. The sharp peaks
correspond to the ferromagnetic resonance, while the broad anti-
symmetric base line originates from the microwave magnetocon-
ductance. The solid lines show the model prediction for the base
line. Two fitting parameters have been used for all curves: aniso-
tropy field H,=3900 Oe and high-field absorption derivative in the

parallel geometry, Z—Z=2.l X 10,

_ do powd’ nQH, 0

S , =
sample dH 12

. (25)

It consists of the field derivative of the conductivity, j—;,
multiplied by a constant factor. To find conductivity we in-
tegrate Eq. (25). The results are analyzed using Egs. (3) and
4).

IV. EXPERIMENTAL RESULTS AND COMPARISON TO
THE MODEL

A. Derivative microwave absorption

Figure 2 shows derivative microwave absorption at sev-
eral field orientations for a Lagy,Sry3MnO; film on the
SrTiO; substrate.>* We observe a sharp ferromagnetic reso-
nance (FMR) signal superimposed on a wide antisymmetric
base line. For the parallel-field orientation the base line may
be represented as a step function which reverses its sign at
zero field. For the oblique-field orientation, the base line var-
ies with field more gradually and the zero-field discontinuity
becomes smaller. When the field deviation from the perpen-
dicular orientation is less than 10°, there appears pronounced
zero-field absorption associated with magnetic domains. It
will be discussed elsewhere.?® In this study we focus on the
base line which we attribute to microwave magnetoconduc-
tance.

The model prediction based on Egs. (3a), (3b), and (14)

fits the base line fairly well (see solid lines in the Fig. 2). For
dP(H,0)
the whole family of —— dependences there are only two
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FIG. 3. (Color online) Angular dependence of the integrated
absorption (solid symbols) and absorption derivative (open sym-
bols) at H=1 T as inferred from Figs. 2 and 4. The solid lines show
model prediction based on Egs. (11) and (12) and H,=3900 Oe.

fitting parameters: the high-field absorption derivative in the
parallel orientation and the effective anisotropy field HZIR
=3900 Oe. The latter is somewhat lower than the anisotropy
field H'M*=4300 Oe found from the ferromagnetic reso-
nance using Eq. (19) and Fig. 2. The difference may arise
from the variation of the anisotropy field across the film.
Figure 3 shows the angular dependence of the derivative
microwave absorption at high field H=1 T. This very weak
dependence is consistent with the model prediction [Eq.

(12)].

B. Integrated microwave absorption

To compare integrated absorption at different orientations
we integrated the data of the Fig. 2 using Eq. (23). The main
difficulty here is to find P(H,) [Eq. (23)] which can depend
on orientation. We performed integration with arbitrary ref-
erence field and plotted the resulting curves for all orienta-
tions at the same plot. Different choices of P(H,) correspond
to vertical shifts of the curves [Eq. (23)]. We shift each curve
vertically to achieve the same value of the minimal absorp-
tion. Figure 4 shows our results. We observe (i) superlinear
field dependences which we attribute to magnetoconductance
and (ii) a small high-field bump arising from the ferromag-
netic resonance. The superposition of both kinds of absorp-
tion in the same experimental run unambiguously proves the
positive sign of magnetoconductance in LSMO. Figure 3
shows the angular dependence of the integrated absorption at
high field. The experimental data agree well with the model
prediction [Egs. (11)], and this is an additional proof that the
nonresonant microwave absorption arises from magnetocon-
ductance.

We consider now the curve for the almost perpendicular
orientation W=8° (Fig. 4). When H<4000 Oe, the CMR
contribution is negligible since the internal field is zero
[Eq. (6)]. However, there is some low-field absorption which
corresponds to negative magnetoconductance. A similar fea-
ture was observed in dc-transport measurements in
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FIG. 4. (Color online) Integrated absorption at different orienta-
tions of the magnetic field as found from the integration of the data
of the Fig. 2. The curves for different orientations are vertically
shifted to achieve the same value of minimal absorption. The num-
bers at each curve show the polar angle of the field, whereas W
=0° and ¥=90° stand for the perpendicular and parallel orienta-
tions, correspondingly. The dashed line shows linear approximation
for the high-field data for (almost) perpendicular orientation. The
horizontal intercept yields the anisotropy field H,,.

Lay;Cay;MnO; films?’ and was attributed to anisotropic
magnetoresistance. The AMR can explain our results as well,
although ferromagnetic resonance in the multidomain state?®
seems to be a more plausible explanation here.

C. Dispersion

Figure 5 compares integrated absorption and dispersion
for nearly parallel orientation. With respect to the ferromag-
netic resonance contribution, it is clearly seen that the mag-
nitude of the absorption peak at Hp;,z=2000 Oe is equal to
the peak-to-peak magnitude of the dispersion peak, as ex-
pected for the Lorentzian resonance.

With respect to the nonresonant eddy-current contribu-
tion, it appears only in the absorption signal and is absent in
the dispersion signal. This conclusion is further verified by
the inspection of the low-field derivative signals which are
measured with higher sensitivity. Figure 6 shows that absorp-
tion derivative exhibits a sharp zero-field discontinuity [this
is a signature of magnetoresistance—see Eq. (9)] while the
dispersion derivative varies smoothly across zero, showing
no trace of the magnetoresistance contribution. This is con-
sistent with Eq. (20), which for our films yields x'/x”
=d*/58~107*,

D. Temperature dependence

To characterize microwave magnetoconductance at differ-
ent temperatures we chose the factor %. Equations (14) and
(25) yield that in the parallel geometry this factor is field
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FIG. 5. (Color online) Integrated absorption and dispersion in
the parallel geometry for a 200-nm-thick Lag;Srg;MnO; film on
SrTiOz (Ref. 24). Absorption signal exhibits ferromagnetic reso-
nance at 2000 Oe superimposed on the broad base line that linearly
depends on field. Dispersion signal exhibits only ferromagnetic
resonance and does not show any baseline.

independent and % oc 57‘2; hence, it is a direct measure of the
magnetoconductance. Figure 7 shows temperature depen-
dence of j—f, as well as that of the anisotropy field. The latter
was found from the ferromagnetic resonance data in the
same sample. It should be noted that for our thin films the
anisotropy field is dominated by the shape anisotropy and,
therefore, it can serve as a direct measure of magnetization.

Figure 7 shows that magnetoconductance exhibits a sharp
peak around 300 K and becomes very small at low tempera-
tures. This temperature dependence is very similar to that for
CMR found in transport measurements on high-quality epi-

taxial Lag,SrysMnO; films'#~!® and indicates an intrinsic

4x10* L ]
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2xtg* W

Absorption
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-2x10*

dP
dH

~
2x10%7 K

Dispersion

-2x10* | | | ]
-1500  -1000 -500 0 500 1000 1500
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FIG. 6. (Color online) Absorption derivative and dispersion de-
rivative in the parallel geometry. Note the zero-field discontinuity in
absorption as opposed to the smooth variation of dispersion. The
black arrow shows direction of the field sweep. Modulation field
H,,,s=10 Oe is high to achieve enough sensitivity for dispersion
measurement. This leads to some distortion in the absorption curve
due to overmodulation.
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FIG. 7. (Color online) Temperature dependence of the effective
anisotropy field H, and of the magnetoconductance ‘% at H=1T.
The inset shows dependence of the derivative absorption on the
anisotropy field. Solid symbols stand for the sample LSMO55-1-A.
Here, the measurements were performed at several fixed tempera-
tures and at low microwave power of —30 dB. Open symbols stand
for the sample LSMO55-1-B (both samples were cut from the same
film). Here, the measurements were performed at ambient tempera-
ture and at different microwave power levels from —30 dB to 0 dB.
In this case the temperature of the sample increases due to self-
heating. It was estimated indirectly from the position of the FMR
peak.

mechanism. The inset to Fig. 7 shows how magnetoconduc-
tance depends on the anisotropy field (in other words, on
magnetization).

It should be noted that the low-temperature measurements
were performed with one sample while the measurements
above room temperature were performed with another
sample which was cut from the same film. While the low-
temperature measurements were performed at several fixed
temperatures and low microwave power to exclude self-
heating, the measurements above 295 K were performed at
ambient temperature and increased microwave power. In this
case the sample temperature is enhanced due to self-heating.
In these latter measurements we directly measure the mag-
netoconductance and the anisotropy field while the sample
temperature was estimated using the data from the inset to
the Fig. 7 assuming a linear temperature dependence of the
anisotropy field in the vicinity of 7.

E. Low-field range

Figure 8 shows low-field integrated absorption and ab-
sorption derivative in the parallel orientation. There is a pro-
nounced hysteresis. The absorption derivative exhibits a dis-
continuity that corresponds to the cusp in the integrated
absorption. When the field orientation deviates from the par-
allel orientation, the magnitude of the discontinuity becomes
smaller (Fig. 2) and its position moves to higher field (Fig.
9). To account for the angular dependence of the discontinu-
ity we note that in low field H<<H,, where magnetization is
nearly parallel to the film, the discontinuity should occur
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FIG. 8. (Color online) Low-field absorption: integrated (main
panel) and derivative (inset). The direction of field sweep is shown
by arrows. The derivative absorption exhibits low-field discontinu-
ity that is preceded by a sharp dip or peak. The integrated absorp-
tion exhibits the cusp and the drop AP, correspondingly. The
dashed line shows linear extrapolation of the high-field data to the
low-field region. Deviation of the data from the linear dependence
indicates the in-plane saturation field H,,. The width of the hyster-
esis loop yields coercive field H.=11 Oe. We used here a very slow
sweep rate and small modulation field H,,,;=0.5 Oe to prevent
overmodulation.

when the parallel component of the field is equal to coercive
field, Hy=H sin ¥=H,. Indeed, the angular dependence

Hy.= s111-11_\I’ describes our data perfectly well (the solid line in
Fig. 9). We find H,=11 Oe, and this is in good agreement
with superconducting quantum interference device (SQUID)
measurements on the same film. The H,. found in our mea-
surements increases at low temperatures (H.=23 Oe at
219 K and H,=50 Oe at 4.2 K), which is consistent with
magnetization measurements for similar films.?

The deviation of the low-field integrated absorption from
the linear dependence predicted by Eq. (5) (see low-field
region in Fig. 8) corresponds to a conductance drop. Similar
low-field features in the magnetically unsaturated state were
observed in microwave studies of thin Fe-Cr films*'~33 and in
dc-transport measurements in Lag;Cay;MnO5 (Refs. 17 and
37) and Lay g5Sry ;sMnOj5 thin films.* The low-field conduc-
tance drop in the magnetically unsaturated state can be re-
lated to the (i) domain wall resistance, (ii) ferromagnetic
resonance in the multidomain state,”® or (iii) anisotropic
magnetoresistance.'3*3 We attribute the low-field absorp-
tion in the nearly perpendicular orientation W <<10° to the
ferromagnetic resonance in the multidomain state, 26 while
the conductance drop observed at ¥ >10° (Fig. 8) is attrib-
uted to anisotropic magnetoresistance.

Indeed, at high field the film is in the single-domain state
and the projection of magnetization on the film plane is par-
allel to the microwave current (Fig. 1); hence, ®;=0 and Eq.
(15) yields o= 0. However, when the in-plane field is below
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the in-plane saturation field, H<H,,, the magnetization
aligns along the easy in-plane axes and is not parallel to the
current anymore. Equation (15) yields o=(1-b sin’ ©,)o,.
Therefore, when the field becomes smaller than the in-plane
saturation field, there is a conductance drop Ao~ —boy,
which does not depend on the polar angle of the field, V.
This is in agreement with our observations (Figs. 8 and 9).
Following this interpretation, the onset for the deviation from
the linear dependence predicted by Eq. (14) indicates the
saturation field. Figure 8 yields H,,,=90-100 Oe, in good
agreement with H,,=90 Oe found in magnetization mea-
surements on similar films.3

F. Comparison between the samples

Almost all our films demonstrated measurable magneto-
conductance. The field and angular dependences for the films
fabricated in different laboratories were much more the
same. Indeed, Figs. 5 and 10 show the microwave magneto-
conductance for two epitaxial Laj;Sry;MnO; films on the
SrTiO5, which were fabricated in different laboratories. The
field dependence of the nonresonant microwave absorption is
very similar, although the resonant absorption is different.

V. DISCUSSION

We verified our model and demonstrated that magnetore-
sistance is determined by the dc magnetic susceptibility in
the ferromagnetic state. This offers the possibility of measur-
ing the magnetostatic properties of magnetic films using con-
tactless microwave methods, as was suggested earlier in Ref.
37. In such a way we were able to measure coercive field
(Fig. 9), the in-plane saturation field, and the in-plane aniso-

100
80
- 1x107
o
—_—
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g 3
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5 8
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5 - 5x10° o
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20
o ; - - | TR - e | 0
0 20 40 60 80 100
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FIG. 9. (Color online) Angular dependence of the discontinuity
field and of the low-field absorption drop AP (from the data of Fig.
8). The solid line shows model prediction while the dashed line is
the guide to the eye. The H ;. is strongly angular dependent while
the AP is not. We attribute H 4. to the coercive field and AP to the
anisotropic magnetoresistance in the magnetically unsaturated state.
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FIG. 10. (Color online) Integrated absorption and dispersion in
the parallel geometry for a 100-nm-thick Lag-Sry3MnO5 film on
SrTiOz (Ref. 25). Note similarity to Fig. 5. The film is slightly
nonuniform and the FMR peak is split in two.

tropy field (not shown here). In what follows we estimate the
out-of-plane anisotropy field from the nonresonant micro-
wave absorption. Indeed, for the integrated microwave ab-
sorption in the perpendicular orientation, Eq. (7) yields a
superlinear field dependence with the horizontal intercept
equal to the anisotropy field. We extrapolate our data (Fig. 4)
to low field and find H*®*=3900 Oe. This is reasonably com-
pared to the anisotropy field found from the ferromagnetic
resonance as given by Eq. (19)—namely, H-"*=4300 Oe.

In what follows we apply our approach to the data of Liu
and Furdyna®® who measured the ferromagnetic resonance in
magnetic semiconductors. The inset in Fig. 11 shows the
absorption derivative in the perpendicular geometry for a
thin GaMnAs film.3® There is a ferromagnetic resonance ac-
companied with several spin-wave resonances and a broad
base line that Ref. 38 attributed to magnetoresistance. We
integrate these data assuming that the absorption derivative
for H<2 kOe is negligibly small. Figure 11 shows the field
dependence of the integrated absorption found in such a way.
It is very similar to what is shown in Fig. 4 for a manganite
film. We approximate the high-field data of the Fig. 11 by a
linear dependence. The horizontal intercept yields HaMR
=3700 Oe while the FMR yields somewhat higher value,
HgMR =4300 Oe. The difference may arise from slight devia-
tion from the perpendicular orientation, mosaicity, the spread
of the magnitude of the anisotropy field across the film, and
some ambiguity in the determination of the magnitude of the
zero-field absorption.
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FIG. 11. (Color online) The inset shows derivative microwave
absorption in the perpendicular geometry for a 200-nm-thick
Gag 94Mng g76As film (replotted using the data of Ref. 38). The
main panel shows integrated absorption calculated using the data of
the inset and assuming that the absorption derivative at H <2 kOe
is negligibly small. The dashed line shows the linear approximation
for high field. The intercept of this line with the horizontal axis
yields the anisotropy field H,=3700 Oe.

VI. CONCLUSIONS

We demonstrate how to measure magnetoresistance in a
contactless way using a bipolar ESR spectrometer. We de-
velop a model accounting for the magnetoresistance of a thin
ferromagnetic film in oblique magnetic field. Our model is in
excellent agreement with our measurements. We show that
the intrinsic magnetoresistance in Lag 7Sty ;MnO5 films is de-
termined by the magnitude of magnetization and is insensi-
tive to its orientation with respect to the film and to the
crystallographic axes. Our approach to measure magnetore-
sistance using a microwave technique can be useful for other
conducting magnetic materials.
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