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Spin-wave scattering at low temperatures in manganite films
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The temperatureT and magnetic fieldH dependence of the resistivity has been measured for
Lag g-ySth MnO; (y=0 and 0.128 films grown on(100) SrTiO; substrates. The low-temperatysein the
ferromagnetic metallic region follows wep(H,T)=po(H) + A(H) ws/sinhwgd2kgT) + B(H) T2 with pq
being the residual resistivity. We attribute the second and third term to small-polaron and spin-wave scattering,
respectively. Our analysis based on these scattering mechanisms also gives the observed difference between the
metal-insulator transition temperatures of the films studied. Transport measurements in applied magnetic field
further indicate that spin-wave scattering is a key transport mechanism at low temperatures.
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The observation of the colossal magnetoresistaGo4R) Thin films of La ¢Sty ,MNnO3 and Lg g75515  MnO; were
effect in manganite film'shas produced a resurgence of in- grown on(100) SrTiO; single crystal substrates by using the
terest in these materials for both fundamental physics angulsed laser deposition technique. The substrate temperature
their possible application in recording media and magnetievas 750 °C, and the oxygen partial pressure in the chamber
switching devices. The microscopic transport mechanism inas maintained at 0.2 mbar. The growth procedure and its
these materials has long been thought to be double exchanggtimization is described elsewhef& The film thickness
(DE).>~* However, it has been realizeédhat the effective was deduced from the deposition time normalized to calibra-
carrier-spin interaction in the DE model is too weak to leadtion runs. The dc resistivity of the films was measured in
to a significant reduction of the electronic bandwidth, whichzero field as well as in applied magnetic fields up to 14 T
would justify the observed several orders of magnitude inusing the standard four-probe technique. The electrical cur-
crease in conductivity just below the Curie temperaflige rent was in the film plane, perpendicular to the applied mag-
Indeed, a large number of experiments have shown that theetic field. A constant current of 100A provided by a Kei-

DE scenario alone cannot account for the properties of théhley 2400 sourcemeter was used. The magnetiziiamas
manganites, and that CMR is not purely electronic inmeasured in a magnetic field parallel to the film plane using
origin 8’ a Quantum Design Superconducting Quantum Interference

Low-temperature charge transport measurements of marmevice magnetometer.
ganites in the ferromagnetic metallic state are essential in Figure 1 shows zero-field resistivity data for the 200-A
clarifying the specific mechanisms responsible for the CMRanthanum deficient Lgs;-Sty -MnO;3 film, and for the 200-
effect. At low temperatures, a dominaht term in the resis- and 2000-A Lg St ,MnO; films. The 200-A lanthanum de-
tivity has generally been observ&d® Although theT? be- ficient film has aT,,, of 364 K, which is close to that of a
havior is consistent with electron-electron interactibthe  Lag Sty ;MnO; single crystaP The observedry,, of 280 K
coefficient of theT? term is about 60—70 times larger than for the 200-A Lg ¢St ,MnO; is close to the values of 270
the one expected for electron-electron scattetinlylore-  and 290 K, obtained for as-grown and annealed ingss
over, a careful check of the low-temperature resistiitf§  films, respectively, with same compositiétiThe T\, of 188
has shown a substantial deviation from fffelike behavior K for the 2000-A Lg gSK, ;MnO; film is lower than that for
in the very low temperature region. Other power-law tem-
perature dependences of the resistivity have also been
reportedt®4~1At present, there is no agreement on the ac-
tual scattering mechanism below the Curie temperature.

Here, we address the low-temperature scattering mecha-
nism in manganites through resistivity measurements of
Lagg-ySlh MnO; (y=0 and 0.128films grown on SrTiQ
substrates, measured in zero field as well as applied magnetic
fields up to 14 T. Our data indicate that spin-wave scattering,
which gives aT”’? dependence in the low-temperature resis-
tivity, is a dominant dissipation mechanism in the ferromag- g
netic state of these manganites, besides scattering of small 1o e L e L
polarons by a soft optical phonon mode. Our analysis of the 0 100 TZC()}% 300 400
resistivity data in terms of small-polaron and spin-wave scat-
tering mechanisms, and the spin fluctuation model, also FIG. 1. Zero-field resistivity as a function of temperatufeof
gives the observed difference in the metal-insulator transitiothe 200-A Lg 7,5t ,MnO; film, and the 200- and 2000-A
temperaturel,, of the three films studied. Lag Sy MnO; films, grown on(100) SrTiO; substrates.
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12— Twi, indicating that the films with loweF,, are worse met-

200A La,,,Sr, ,MnO, als at low temperatures.

To elucidate the scattering mechanisms in the ferromag-
netic metallic region, in Fig. 2 we plot the low-temperature
behavior of the zero-field resistivity for the films studied.
The resistivities of the three films can be fitted well with

p (1074 Q cm)

(T)=pot ——20s g 1)
P PO i (h wg2ksT) !

wherepg, the residual resistivity due to various temperature-
independent scattering mechanisms, is taken as the resistivity
at 10 K, andA, g (average frequency of the softest optical
mode, andB are fitting coefficients. The excellent fit of the
data with Eq.(1) (solid curves in Fig. 2 suggests that the
terms Aw/sinf(hod2kgT) and BT"? capture the basic
physics responsible for charge carrier scattering in this low-
temperature region. The values ©f;,, po, and the fitting
coefficients of these films are given in Table I.

Previous reports have shown that the resistivity of
Lag 75515..gMN0O; films grown on(100) LaAlO5 substrate fol-
lows well ap(T) dependence similar to E€L) in which the
third term, however, has @%? power-law dependence, in-
dicative of two-magnon scatterirtg.Nevertheless, the fit of
our resistivity data with Eq(1) for the three films studied is
better over a wider temperature range than a fit in which the
] third term inp(T) is BT
] According to the theory of small-polaron conduction at
] low temperature$? the relaxation rate */for small polarons
] is proportional to 1/sif{fiwd2ksT).*>'” Thus, the term
] Aw./sinfP(hwd2kgT) in Eq. (1) is consistent with small po-
sLe0b o ] laron coherent motion involving relaxation due to a soft op-

0 20 40 60 g0 100 tical phonon modé® The values of the fitting parameter
TH fiwg2kg of the Lag Sih MnO; films are in the 15.1—

FIG. 2. Low-temperature resistivity(T), measured in zero /1.9-K range, in agreement with values determined from
field, for (a) the 200-A Lag751 MnO; film, (b) the 200-A  low-temperature specific heati ¢s/2kg=48 K) and other
Lag St MnO; film, and (c) the 2000-A LagSt, MnO, film,  resistivity studies of La ,CaMnOg."*"In addition, inelas-
grown on(100) SrTiO; substrates. The solid lines are fits of the datatic neutron scatterirfg and reflectivity® measurements sup-
with Eqg. (1). port the phononic character of charge -carriers for

Lag gSiH ,MNO;.
single crystal specimeffsOne possible explanation for this ~ We attribute theT”2 dependence of the low-temperature
is the nonstoichiometric oxygen content in this film. In fact, resistivity in Eq.(1) to spin-wave scattering. The reason is
a significant effect of the oxygen content @R, has been the following. In the general theory of spin-wave interactions
observed in La_,SrMnO; single crystal$® Thus, the com- proposed by Dyson in early 1956, which gives a complete
position of this lowT,, film is probably Lg ¢Sty ,MNnO;_ 5. description of the thermodynamic properties of a ferromag-
The T of each film, determined from magnetization mea-net at low temperatures, the mean free pafbr spin-spin
surements(data not showp coincides with itsT,,. The  collisions is proportional tof ~2.2" This gives aT’”? tem-
residual resistivity of these films increases with decreasingerature dependence for the resistivity since

14 | 200ALa,Sr MO,

p (1074 Q cm)

30

2000 A LaMSro'gMnO3

p (1072 Q cm)

TABLE I. Values of the zero field metal-insulator transition temperafyge, residual resistivity,, fitting coefficientsA, # w¢/2kg, and
B, carrier concentratiom, and activation energ§, of Lagg Sk MnO; films grown on(100) SrTiO; substrates. The definitions of the
fitting coefficients are given in the text.

Samples Tw (K) po (2 cm) A(Q cm/H2  hwgd2kg (K) B (Q cm/K™?) n Ex (K)
200-A Lay 57551,,MnO;4 364.3 2.50%x10 4  4.316x10 8 71.93 1.66% 1012 >0.2 ~1068
200-A Lay ¢Sy ,MnO; 280.2 5.74K10°%  2.347x10° '8 26.90 1.00% 10 * ~0.2 1068
2000-A Lag, ¢Sty MnO;_ 5 188.1 7.77%10°%  2.903x10° Y7 15.11 2.07%10°° <0.2 1546
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=m*ve/(n€fl), wherem* is the effective mass of the charge
carriers,n is the carrier concentration, ang is the Fermi
velocity. In fact, when the spin orientation angle between
neighboring sites is small enough, the DE Hamiltonian in the
low-temperature ferromagnetic state can be mapped into the
Heisenberg Hamiltonian.

— =]

TTTITT]
N
- = WO
—_—

b~ O

The temperature independent tepgin Eq. (1) is usually 100 200 30 40

ascribed to scattering from impurities, defects, grain bound-
aries, and domain walls. The values pf for the 200-A
Lag g yStp ,MnO; films are comparable with the value for a
Lag gST ,MnO; single crystal indicating weak external scat-
tering. In generalpg is proportional tom*/nr,, wherer, is

the zero-temperature relaxation time. Assuming thatloes 0 20 40 60 80 100 120 140 160

not change a lot among the present films, the smékegern T (K)

value of py for the 200-A Lg 7551 ,MnO; film (2000-A o

Lag ¢Sty MnO; film) than for the 200-A LgeST ,MnO; film FIG. 3. Low-temperature resistivityp(T) of the 200-A

Lag ¢Sty MnO; film grown on a(100 SrTiO; substrate, measured
in various applied magnetic fieldd. The solid lines are the fits of
the data with Eq(1). The inset showp vs T for the same film over

the whole measured range at various.

indicates thah>0.2 (n<0.2). As discussed abova<0.2

is probably a result of oxygen vacancies. These resulta for
are consistent with the defect chemiéfrgind are included in
Table I.

Next we show that the observed differencefig, or Tc hgolid curves. Notice the excellent agreement between the

for the three films studied can be explained based on t Eurves and the data. Equally good fitting results were ob-
values of the above fitting parameters. The spin fluctuatlotained for the other two films studied. This universality of

modef” givesTc=Wn(1-n)/20, whereW is the electronic charge dissipation at low temperatures with respect to thick-
“bare” bandwidth. However, it has been shown that the huge 9 P P P

isotope effecf, the strong sensitivity to oxygen contéft, coo composition, and magnetic field further indicates that
L . ; .’ the proposed dissipation mechanisms are intrinsic.
and the significant strain efféttpresent in these manganites

can be well explained ¥V is replaced by an effective band- The above fitting has shown t.hm is only weak ﬁeld
width W, W exp(— yEy /fiw), whereEy, is the binding en- dependent, whil® has a stronger field dependefd&(H) is

ergy of the polarons, which can be estimated from the acti—ShOWn in Fig. 4. Hence, the magnetoresistance observed in

vation energyE, as E,~2E,, o is the characteristic this low-temperature range is absorbed primarily in TH&

frequency of the optical phonon mode, which can be taken a'[Serm. This is a reasonable result since this term is the spin-

w=w,, andy is a positive constant. The expressioriTef wave contribution to the scattering, and hence, the resistivity.

) s Y P ' P ’ Figure 4 shows the magnetic field dependence of Both

in which Wis replaced byiVes, shows thall ¢ increases as andT,,, of the 200-A Lg ¢St ,MnO; film. The effect of an

m\\;’;’ igigé:}ﬁ;ea?megﬁ;:gtr?ﬁ) t?]r;dEfﬁtiC:] Zcr?:zse?f?(.:iggn- applied field is to open an energy gap in the magnon spec-
. . X rum. A result, th in-wav ring shoul r

«D. ™% where D.xW is the spin-wave stiffness tru s a result, the spin-wave scattering should decrease

- . ; with increasingH. This is, indeed, reflected by the decrease
coefficient* Hence, an increase W is reflected as a de- g y

; . of B with increasingH. Also note thatTy,, increases with
crease inB. We determinedt, to be .1068 and 15.46 K for increasingH. This correlation betweeil,, and B further
the 200- and 2000-A L@Sr, ,MnO; films, respectively, by
fitting the resistivity data in the high-temperature paramag-

netic region in terms of the adiabatic small-polaron mddel. 380

11
110

We took E, for the 200-A Lg 7551, MnO; film, for which ]
the available data in the paramagnetic region are over a nar- 360 1o w
row temperature range due to its higfgy, , to be the same I ] 2
asE, for the 200-A Lg ¢Sr, ,MnO; film.?! These values of o 3401 ;8 2
E, are also included in Table I. As predicted above, Table | = 17 ®
shows that, indeed, the film with largerandn and smaller F 3201 1 2
B andE, has highefT,,, . Therefore, the present results fur- I §5 2
ther provide strong support for the small phonon and magnon 300 F E Rl
scatterings as low-temperature dissipation mechanisms. [ 14
We now address the effect of the magnetic field on the 280 L 1253

low-temperature conduction. Figure 3 is a plofpofs T data
(T<150 K) of the 200-A LggSr, MnO; film measured at
various magnetic fields, while its inset showéH,T) over FIG. 4. Magnetic fieltH dependence of both the fitting param-
the whole measured temperature range 2400 K). Fits  eterB (closed square@of Eq. (1) and the metal-insulator transition
of the main panel data with Eq1), with A and B fitting  temperaturdry,, (closed circlesfor the 200-A Lg ¢Sty ,MnOs film
parameters andos taken from zero-field fitting, give the grown on a(100 SrTiO; substrate. The lines are guides to the eye.
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indicates that spin-wave scattering is a key transport mechan terms of these dissipation mechanisms explain the ob-

nism at low temperatures in these manganites. served difference iT,,, among the films studied. Transport
In conclusion, we presented resistivity measurements imeasurements in applied magnetic fields indicate that spin-

fields up to 14 T on Lgg ,Sip MnO; films with different ~ wave scattering is an essential dissipative mechanism at low

compositions and/or thicknesses. Our results indicate that tHemperatures.

dissipation mechanisms in the low-temperature ferromag-

netic state are spin-wave and small-polaron scatterings. The This research was supported at KSU by the National Sci-

fitting parameters obtained by analyzing the resistivity dataence Foundation under Grant No. DMR-0102415.
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