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Determination of the magnetization scaling exponent for single-crystal LggSrg ,MnO
by broadband microwave surface impedance measurements
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Employing a broadband microwave reflection configuration, we have measured the complex surface imped-
anceZg(w,T), of single-crystal LggSr ,MnOs, as a function of frequency (0.045-45 GHz) and temperature
(250-325 K). Through the dependence of the microwave surface impedance on the magnetic permeability,
,&(w,T), we have studied the local magnetic behavior of this material, and have extracted the spontaneous
magnetizationMy(T), in zero applied fieldThe broadband nature of these measurements and the fact that no
external field is applied to the material provide a unique opportunity to analyze the critical behavior of the
spontaneous magnetization at temperatures very close to the ferromagnetic phase transition. We find a Curie
temperatureT -=305.5-0.5 K and scaling exponerng=0.45+0.05, in agreement with the prediction of
mean-field theory. We also discuss other recent determinations of the magnetization critical exponent in this
and similar materials and show why our results are more definitive.

Since the recent discovery of large negative magnetoreemetry and structural integrity have been checked by x-ray
sistance in the manganite perovskites LgA,MnO; (where  diffraction and energy dispersive x-ray analysis. Disk-shaped
Ais typically Ca, Sr, or Bg'?> much attention has been paid samples were cut fro a 4 mmdiameter rod, and resistivity,
to understanding the properties of these matefiffisaddi-  ac susceptibility, and dc magnetization measurements have
tion to being potentially useful in technological applications,been reported earlier on samples cut from the same Boule.
these so-called colossal magnetoresistiU®IR) oxides pro-  Lag ¢Sty ,MnO; has a ferromagnetic phase transition with a
vide a system in which to study electronic and magneticCurie temperaturél of approximately 305 K. It is well
correlations and the interplay between magnetism and trangstablished that the low-temperature phase is a ferromagnetic
port properties. In particular, a series of measurements imetal, while aboveT - the system is paramagnetic, and the
recent years have focused on the critical behavior of theesistivity exhibits a negative slope with respect to tempera-
magnetization in the vicinity of the ferromagnetic phaseture. The resistivity has a maximum arouhg= 318 K, sig-
transition?’~** These experiments, employing a variety of nificantly aboveT¢, which is typical in these manganite
techniques, have given widely varying values of the magnematerials!
tization scaling exponeng ranging from about 0.3 to 0.5.  In order to determine the temperature and frequency de-
This range encompasses both the long-range interactions Bendence of the complex surface impedance we have mea-
mean-field theory #=0.5) }**2 and the values of8 which ~ sured the complex reflection coefficient. We have reported
result from calculations based on shorter range interactionghe details of the experimental geometry elsewherand
such as the Ising and Heisenberg modes=0.325 and will therefore give only a brief overview of the technique
0.365, respectively** here. A phase-locked signal from an HP8510C vector net-

In this paper we present the results of broadband, nonvork analyzer(45 MHz-50 GHz is sent into a coaxial
resonant microwave surface impedance measurements, if@nsmission line which is terminated by the sample inside a
which we have quantitatively determined the complex surcontinuous flow cryostat. The amplitude and phase of the
face impedancezsz RetiXs, Of LaggSh MnO; single reflected signal are measured as functions of frequency and

crystals over three decades in frequency, and as a function &efmperature, and the complex reflection coefficient,
temperature. In contrast to conventional magnetization mead1i(®, T), is determined as the ratio of the reflected to inci-
surements, which typically require the application of an ex-dent signals. The complex surface impedance of the termi-
ternal magnetic field, this technique allows us to extract thé1ating material can be calculated from the reflection coeffi-
temperature dependence of the static spontaneous magnetient as follows: Zg/Zy=(1+S;1)/(1—-S;1), where Z,
zation inzero applied fieldWe have found that the sponta- =377 () is the impedance of free space. Due to the phase-
neous magnetization is zero abdlg and rises continuously sensitive detection capabilities of the network analyzer, it is
below T in a manner which is well described by the theory possible to extradboththe surface resistané®y(w) and the
of critical phenomena near a second-order phase transitiosurface reactancEg(w), and the well-defined geometry al-
From these data we are able to determine the scaling exptews for quantitativeevaluation of these material parameters,
nentB, and find that it is consistent with the value predictedopening a unique window to dynamical processes within the
by mean-field theory. material.

The single crystals of LgSr, ,MnO; used in this study In the presence of a magnetic field the microwave prop-
were grown by the floating-zone technidtiand the stoichi- erties of ferromagnetic materials are characterized by two
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distinct features which result from the dispersion of the com-

plex magnetic permeability:(w) = u1(w) —iuo(w): ferro- 8
magnetic resonand&MR) and ferromagnetic antiresonance
(FMAR).” At the FMR frequencyw,, the surface resis-
tance,Rg(w,), shows a maximum due to a maximum in the C§ 6
imaginary part of the permeability. At the same frequency, =
the real part of the permeability has a zero crossing with Qdm
negative slope, as does the surface reactakgéw,). In 4
order to satisfy the conditiop,(w—>)=1, it is necessary '
that there be another zero crossing, with positive slope, at a
frequencyw,,> w, . For a ferromagnetic metal, this zero in

11 leads to areductionin Rg below the value it would have

for a nonmagnetic metal with the same resistivity. This sup-
pression ofRg in the vicinity of w,, is commonly referred to

as the ferromagnetiantiresonance. Botl, andw,, depend o 4
not only on the externally applied field but also on the local ~
internal magnetization of the material, and measurements of

the microwave surface impedance therefore yield informa-

tion about the magnetization of the material under study.

The precise dependence ©f andw,, on the magnetiza- (0]
tion My can be determined by starting from the Landau- L L '
Lifshitz-Gilbert equation of motion for the magnetization 0 5 10 15 20
vector in the presence of both a static magnetic figjdand Frequency (GHz)

an oscillatory microwave fielt’"*° The complex dynamic
susceptibility of such a system can be written in the follow- FIG. 1. The zero-field frequency dependencea®fthe surface

ing form2” resistanceRg and (b) the surface reactancés at various represen-
tative temperatures. The solid lines show a fit to the data at 291.6 K,
~ . as discussed in the text.
“) m(w) 1 oy[(wg+il)+wy] 0
X w = —_ = 2 3 , N ] ) )
Mo o; = 0 +iT[ 200+ wy] expect the permeability to be dispersionless in the absence of

a static magnetic field, and thus boRy(w) and Xg(w)
where @y =7yuoMo,wo=ypoHo, w0 =Vwo(@wot ®n),  should have the square-root frequency dependence character-
I'=aw,a is the dimensionless Gilbert damping parameterstic of a metal, as is seen in the 309 K spectra, abbye
and vy is the gyromagnetic ratio for an electron. We haveye can understand why this is not so if we consider that
expressed the field and magnetization as frequencies in ordg{en in the absence of axternalmagnetic field, there are
to clarify the comparison to our frequency-dependent data. lfyca) internal fieldsH; due to anisotropy and domain struc-
is clear from Eq(1) that for small damping the quantity,  tyre, for example. Although 180° domain walls separating
is the ferromagnetic resonance frequency, and it can bgagnetically saturated regions can in principle produce
shown that the antiresonance frequency, the point at whichyther |arge internal field€, our field-dependent measure-
©1=0, is given bywy =wo+ wy . For simplicity, EQ.(1)  ments of the antiresonance Bg—0 allow us to estimate
has been written for the limiting case of an infinitely thin {pat 1oH;=<0.02 T probably due to a more complicated
sample with the static magnetic field applied in the plane ofyomain structure. Such small but finite fields can, however,
thg sample. For a finite sizgd ;ample there are corrections {0 se the precession of the magnetization and thereby the
this form due to demagnetization effedfs. _ dispersion of the permeability. Sinae, = yuo(H;+Mo)

As discussed above, the microwave reflection measureynqpy. <M, we see a well-defined antiresonance feature at
ment which we have employed yields the surface impedancg frequency determined predominantly by, and a width
instead of the permeability, however the two are related a§,;e to inhomogeneities in the internal fields and the intrinsic
follows: Zg(w,T)=Viowu(w,T)p. We have assumed that at damping given byx. Therefore we can extract the tempera-
microwave frequencies k@S MnO; is in the Hagen- ture dependence of the magnetization, in the absense of an
Rubens limit(i.e., po<p;~pqd, allowing us to insert a applied field, from the temperature dependence of the anti-
frequency-independent value fpr Then we can substitute resonance frequency.
the expression for the susceptibility from Ed) into this The solid lines in Fig. 1 are fits of the model presented
expression in order to model the complete frequency deperabove to the 291.6 K spectra, where we have-kgt 0, but
dence ofRg and Xs. Measurements of the surface imped-included a finite damping to account for a distribution of
ance as a function of applied magnetic field have shown thahternal fields aroundd;=0. The discrepency between the
this model provides an excellent description of the measureshodel and the data at low frequencies is probably due to the
datal®1® fact that the model does not properly describe this distribu-

Figure 1 shows zero-fiellRs(w) and Xg(w) spectra at tion, but it is clear that the model does an excellent job of
various temperatures. The antiresonance features, minima dfescribing the behavior of both components of the surface
Rs, and steps inXg are clearly visible at all temperatures impedance in the vicinity of the ferromagnetic anti-
below T, despite the fact that,=0. Naively we would resonance.
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FIG. 3. The spontaneous magnetizatidnp of Lay ¢Sty MnO;
_________ extracted from the four sets of data shown in Figs. 1 affdr2each
R Y H data set there are many more spectra than are shown in these fig-

- > L ure9. The inset shows the same data over a smaller temperature
280 290 300 310 320 range neaffc, and the solid lines are a fit to the data with the
Temperature (K) scaling form given in the text. The right axes show the FMAR

] frequencies.
FIG. 2. The zero-field temperature dependenc@ypthe surface

resistanceRg and (b) the surface reactancés at various represen- therefore only reasonable to examine the critical behavior in
tative frequencies. the temperature region between 290 K and If we define
the dimensionless quantity=1—T/T. then we see that this

The surface impedance can also be measured as a fungorresponds to a range ef~0—0.05. By fitting a straight
tion of temperature at fixed frequency, and Fig. 2 shows sucfine to this portion of theT*(T) curve we find thatTc
data at a few representative frequencies. The antiresonanceds3ps.5+0.5 K andg=0.45+0.05. The solid line in Fig. 3
manifested as a minimum iRg(T) coincident with an in-  shows the critical behavior with these parameters, and the
flection point inXs(T), and moves to lower temperature as inset shows the same data and model between 290 K and
the frequency increases. It is, of course, also possible to exF., with some representative error bars included.
tractM(T) from these data, and therefore we have four sets A previous study of the microwave properties of similar
of spectra from which to determird o(T). LaggSio MnO; single crystals gave values of =304

For theXs data, both as a function of frequency and tem-+3 K and 8=0.34+0.057 This value of 3 is clearly in
perature, we have determineg, by finding the peak of the disagreement with ours, even though tg(T) data from
first derivative,dXs/df [Fig. 1(b)] or dXs/dT [Fig. 2b)].  the two experiments are in agreement. This apparent contra-
Similarly, w,, is determined from the positions of the local diction can be understood as follows: in the earlier study, the
minima inRg(f) andRg(T). Figure 3 shows the magnetiza- value of 8 was obtained by fitting the magnetization data
tion curve which we have extracted from these four sets obetween 270 and 300 ke 0.01—0.11). As we have shown
data. The onset of spontaneous magnetization Tat above, the use of data below 290 K is not appropriate for an
~305.5 Kis clearly seen. examination of the critical behavior. In addition, our ability

With these data it is possible to examine the critical beto measure FMAR to lower frequencies allows us to deter-
havior of the magnetization in the vicinity i . The theory mine the magnetization much closer 1@, which is the
of critical phenomena at a second-order phase transition prenost important region for an accurate determination of both
dicts that the magnetization will vary as a power law, 8 and T.. If we fit our data only over the range~0.01
Mo(T) e (Tc—T)#, whereg depends on the Hamiltonian de- —0.11, then we findl =303 K andB=0.26. If instead we
scribing the interactions among the sptAs® Therefore, de-  fix Tc at 305.5 K and allow only3 to vary, again fitting over
termination of this exponent yields information about thethe same range, we fin=0.33. So it is clear that the dif-
range of ferromagnetic interactions. But this expression igerence between our result and that of the previous measure-
expected to hold only in the limif— T, so it is necessary ment arises simply from the temperature range over which
to look at the behavior very close #q., where the slope of the analysis of the critical behavior has been done.
Mo(T) is very large. One approach is to calculate the fol- Our experimental value of the scaling exponghts in
lowing function?® T*(T)=—My(dMy/dT) '=8"Y(T.  agreement with mean-field theory, which predicts
—T). ThusT* is linear inT, and values of3 andT can be  8=0.513 Similar results were obtained from microwave
determined from the slope and intercept. For the data showmeasurements on aSr, sMnO; single crystals, which gave
in Fig. 3 we find thafT* is roughly linear for temperatures B=0.45+0.05° Their fit range was~0.01-0.12. And re-
above 290 K, and below this temperature the slop&*dfT) cently reported dc magnetization measurements on polycrys-
increases due to the saturation of the magnetization. It igalline La, ¢Sty MNnO;, also gaveB=0.50+0.02, using a
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narrow temperature range of~0-—0.01° However, Tc=305.5-0.5 K and the scaling exponenB=0.45
neutron-scattering and dc magnetization measurements 0AQ.05. Unfortunately, it seems that there is not yet experi-
Lag 751p3MnO;  single crystals yielded3=0.2950.002  mental consensus about the scaling behavior of the magneti-
(e~0-0.13) and =0.37-0.04 (¢~0-0.03), respec- zation in these compounds. It is clear that the valugs &6
tively.*** Recent neutron-scattering measurements on singlgery sensitive to the fit range, with values ranging frem
crystals of both LggSio MnO; and L& 7S MnOs gave  _q 3 5 reported in the literature. The technique presented

values of $=0.29*0.01(¢~0-0.18) and $=0.30 pore s ynique because it requires no external field and is
+0.02 (£~0—0.3), respectively? Finally, a measurement broadband. both of which allow us to examine the
of the temperature dependence of the zero-field muon pre- '

) . asymptotic critical behavior of the magnetization a&s
cession frequency in lgg/Ca 3qMinO; gave B=0.345 : . . i
+0.015 £~0.03-0.27)5 Although many of these studies —T¢. The result presented here is consistent with the mean

yielded values of3 which are significantly lower than what field vet!ue_ (?'5)' tlmplyl_ngtr;t_halt t?ﬁre are Iong-ra_r;ge ferro-
we have found, the explanation for this seems to lie in thdNagnetic interactions n this fanthanum mangantte.
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Analysis of these data gives values for the Curie temperature
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