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Bulk experimental evidence of half-metallic ferromagnetism in doped manganites
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We report measurements and quantitative data analysis on the low-temperature resistivity of several ferro-
magnetic manganites. We clearly show that there exits®derm in low-temperature resistivity, and that this
term is in quantitative agreement with the quantum theory of two-magnon scattering for half-metallic ferro-
magnets. Our present results provide bulk experimental evidence of half-metallic ferromagnetism in doped
manganites.
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The concept of half-metallic ferromagnets was first intro-low-temperature resistivity due to single-magnon scatter
duced by de Grooet al. in 1983 Half-metallic ferromag-  should be absent. Instead, two-magnon scattering is allowed,
nets are characterized by completely spin-polarized elecand leads to & temperature dependence in resistivity, as
tronic density of states at the Fermi level, that is, the majoritypredicted by Kubo and Ohaté.Since thisT*® term should
spin channel is metallic while the Fermi energy falls in abe rather small, it is difficult to identify this term if the other
band gap in the minority spin density of states. Such a novegontributions to the resistivity are dominant. Nevertheless, if
physical property makes the materials very promising inohe can unambiguously identify ti€*> term, one provides
technological applications such as single-spin electroulk experimental evidence for the half-metallic nature. In
sources and high-efficiency magnetic sensors. The halthis letter we not only show that there indeed existsThe
metallic feature has been predicted for Q:?OHowever, term in several manganite ferromagnets, but also demon-
spin-resolved photoemission measurement on the materigfrate that the coefficient of th*® term is in quantitative
has not confirmed this predictionOn the other hand, the agreement with the quantum theory of two-magnon
local density approximatiodLDA) band-structure calcula- scattering'’
tion on Lay:Ca,sMnO; (Ref. 4 has shown an electronic In half-metallic ferromagnets, the low-temperature resis-
structure of a nearly half-metallic ferromagriee., the ma- tivity due to two-magnon scattering was found to pgo
jority spin channel is metallic while the Fermi energy lies =AT*® (Ref. 10. The coefficientA has an analytical expres-
within a band edge of the minority spin channeBpin-  sion in the case of a simple parabolic conduction bew
resolved photoemission study on agk&, MnO; film has ~ cupied by single-spin holgs” In terms of the hole density
demonstrated an electronic structure with spin polarization oper celln, the spin stiffnes®F, and the effective hopping
nearly 100% at Fermi level, which possibly manifests theintegralt*, the coefficientA can be written &8
half-metallic featur€. Scanning tunneling spectroscopy on

ferromagnetic Lg/Ca, ;MnO;5 also provides evidence for the 3ah o o e DE
half-metallic electronic density of stattslowever, the spin- A= ore? (2=n/2)”%(6mNn)>"| 2.52+ 0-0017512?

resolved tunneling measurements showed 38%f. 7) and
81% (Ref. 8 polarization of conduction electrons in a2k 92
Lag 6751p.3aMIN0O5. Since both photoemission and tunneling x[ 5 ] ) 1)
experiments are rather surface sensitive, the controversial DE(67%)?%0.5%~n??)

conclusions drawn from these experiments are not so surpris- .
ing. One needs to look for bulk sensitive experiments to 1€'€ We have used the relatiomtse = (67°n) " (wheref ke
unambiguously demonstrate whether the doped manganité$ e Fermi momentum, anal is the lattice constait Er

py 2\2/3 2/3__ 12l H H
are truly half-metallic ferromagnets or not. The clarification =t (679)“(0.5~n ) (where the Fermi energf is

of this issue can place an essential constraint on the futuf@€asured from the* band centethe effective spinS*=2

prospect of this material in technological applications. —n/2. The value ot* can be estimated to be about 40 meV
Since the Fermi level only crosses the majority spin bandé™om the measured effective plasma frequengf)}

in half-metallic ferromagnets, the emission or absorption of= 1.1 €V andn~0.3 in L& 1Ca VinOz.** In ferromagnetic

single magnon is forbidden, because the carriers have n@anganitesPf is about 100 meV A (see beloy; so the

conducting minority states at low energy to spin-flip scatteterm 0.001D/at* <2.52, and can be dropped out in Eq. 1.

into. Therefore, theT? temperature-dependent term in the Then there are two parametersand DE that determine the
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magnitude ofA. In doped manganites, should be approxi- ' ' '
mately equal to the doping level 100 L La, CaMnO, ]

From Eqg.(1), one can see that the coefficietis in- © x=025(%0) ¢
versely proportional tol])sR)4'5 for a fixed carrier concentra- —~ ° x=025(%0) : &
tion. FurthermoreT ¢ should be proportional tBY. This is § 10} ° x=030(0) ¢ f
indeed the case, as recently shown by specific heat % ;5
measurement$. Since both specific heat and low- b
temperature resistivity reflect the dispersion of the low en- 1 3
ergy spin-wave that is thermally excited, the magnitude of
the spin stiffnessDY determined by resistivity should be X | I N R
similar to that of the spin sti1‘fnesl§sC deduced from specific 100 150 200 250 300
heat. Therefore, for a fixed, one should expect Temperature (K)

A (LTe)*S. (2) FIG. 1. The resistivity of the La ,CaMnO; films over 100-

300 K. The Curie temperatuf®: is defined as a temperature where

It has recently been showhthat the dominant contribu- d1np/dT exhibits a maximum.
tion to the low-temperature resistivity in doped manganites is. . .
b y P g ivity for the films of La, _,CaMnO; over 100—300 K. The

due to scattering from a soft optical phonon mode, which!

: . . Curie temperaturel is defined as a temperature where
gives a term proportional te./sinfP(fiod2kgT), Where wg - c ™ ; . !
is the frequency of a soft optical mode. If we include a pos-d_lrl pldT ex_hlblts a maximum. Thac values with this defi-
nition are listed in Table I. The fact that thie. values of

sible contribution from two-magnon scatterityor from h p v th h tor the bulk
acoustic-phonon scatterifghe temperature dependent part {N€s€ flims are nearly the same as those for the bul
sample$’ suggests that the strains in these films are negli-

of the resistivity can be generally expressed as gible. This is reasonable since the films are rather thick and
p(T) = po=AT+Baw/sint(f o 2KksT), (3)  were post annealed at a high temperature (940°C) for 10 h.
In Fig. 2, we show the temperature-dependent part of the
wherep, is the residual resistivityA andB are temperature resistivity at low temperaturegdelow T/3) for the oxygen-
independent coefficients. The power4.5 if the first term  isotope exchanged kaCa ,sMnO; films. We fit the data
in Eq. (3) is due to two-magnon scattering, whide=5 if it by Eq.(3) using four fitting parameters, A, B, andw,. As
is due to acoustic phonon scattering. The coefficikribr  discussed above, the theory of two-magnon scattering is ap-
acoustic  phonon  scattering is  proportional  toplicable below T</3, so we fit the data below 75 K
(m*/n)?(6p) " ° (Bp is the Debye temperatur This im-  (=T./3). The best fits lead tar=4.0+0.3 for the 1°0
plies thatA should decrease rapidly with increasifig. We  sample andx=4.0+0.4 for the 0 sample. These values
would like to mention that in the case of two-magnon scat-are very close to 4.5, as expected from two-magnon scatter-
tering, Eq.(3) should be applied belowW /3 where linear ing in half-metallic ferromagnets. We would like to point out
spin-wave theory or the Bloch law for the magnetizationthat the fitted values of are systematically lower than 4.5.
[i.e., M(T)/M(0)=1—bT*% is valid This might be due to small contributions from electron-
Epitaxial thin films of La_,CaMnO; were grown on electron scattering%T?) and/or from unconventional one-
(100)LaAlO; (LAO) or NdGaQ (NGO) single crystal sub- magnon scattering(T3).18
strates by pulsed laser deposition using a KrF excimer In order to check whether the first term in Eg) is due to
laser®® The thickness of the films is between 1500-1900 A.acoustic phonon scattering, we plot the temperature-
The films were post annealed in 1 bar oxygen at 940°C fodependent part of the resistivity at low temperatures for the
10 h. The oxygen-isotope exchangeq k&a, ,MnO; films %0 films of L&, 7<Ca, ;MO and Lag -Cay sMnO; in Fig. 3.
are the same as those in Ref. 16. The resistivity was meaA/e fit the data by Eq(3) using three fitting parametess B,
sured using the van der Pauw technique, and the contacts\d ws, and with a fixede=5. From the best fits, we find
were made by silver paste. The measurements were carrigd=1.69(5)<10 2> mQ cm/K®> for x=0.25, and A
out in a Quantum Design measuring system. =2.5(1)x10 2 mQ cm/K® for x=0.3. Since 6 for x
Figure 1 shows the temperature dependence of the resis-=0.3 is larger than fox=0.25 by about 3%? one should

TABLE I. The summary of the fitting paramet@r the measured, the calculated spin stiffneisg2 for
Lag 7:Ca »,gMINO5 (LCMO25), Lay ;e 30MnO; (LCMO30), and Lg ¢Bay3dMnO3 (LBCO33). The uncer-
tainty inT¢ is =1 K. The values ODS deduced from specific hetRef. 12 are included in the last column.

Compounds Te (K) A(mQ cm/K*9) DR (meV A?) DS (meV A?)
LCMO25 (*%0) 216 2.20(7x 10! 129

LCMO25 (*%0) 232 1.70(4x 10 % 137 130
LCMO30 253 2.04(9x 10 % 155 160
LBMO33 337 2.2(7x 10712 202

172411-2



BRIEF REPORTS

0.06
0.05
0.04
0.03
0.02
0.01
0.00

0.08

p(T) - p, (Me cm)

0.06

0.04

0.02

0.00

Lao‘750a0‘25Mn03/LAO

160

0 10

20 30 40 50 60 70 80
Temperature (K)

FIG. 2. The temperature-dependent part of the resistivity at low
temperatures (below Tc/3) for the %0 and O fims of
Lag 7«Ca ,gMnO;. The solid lines are the fitted curves by Eg)
using four fitting parameters, A, B, andw,. The best fits lead to
a=4.0+0.3 for the ®°0 sample anda=4.0+0.4 for the 0O

sample.

expect that theé\ value for the former should be at least 15%
lower than for the lattetthe value ofm* /n for x=0.3 should
is in contradiction with the fact that the
is larger than fox=0.25 by a factor of

be smalley. This
value forx=0.3
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FIG. 3. The temperature-dependent part of the resistivity at lowdence for the existence of t#eT*> term arising from two-
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FIG. 4. The temperature-dependent part of the resistivity at low
temperaturegbelow T/3) for the Lg _,CaMnO; films. The solid
lines are fitted curves by E(3) with a fixeda=4.5. Plotted is also
the respective contribution from the two-magnon scatte(salid
circle) or from the soft optical phonon scatterigplid triangle.

about 1.5. Therefore, it seems unlikely that acoustic phonon
scattering contributes the first term in EG).

In Fig. 4, we fit the data by Eq3) using three fitting
parameterd\, B, andwg, and with a fixede=4.5. The val-
ues of the fitting parameteX are listed in Table I. We also
plot in Fig. 4 the respective contribution from the two-
magnon scattering or from the soft optical phonon scattering.
It is clear that the former contribution is rather small in these
compounds. From Table I, one can easily check that(&q.
is satisfied for the two isotope samples with the same carrier
concentration(also see Fig. b This provides strong evi-

magnon scattering. Furthermore, the absolute valuésugf
are very close to the phonon ener@meV) of the rotational
vibrations of the oxygen octahedra in a similar perovskite
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220 — T markable that theDY values deduced from the resistivity
data are very close to those determined from specific heat
200 data'?> Moreover, the DY is proportional to Tc with
S DSR/kBTC=6.96(5) A2, as shown in Fig. 5. This provides a
180 [ . © : .
> quantitative cor}flrmatlon for the quantum theory of two-
E el magnon scattering’
o Since the quantum theory of two-magnon scattering is
140 [ valid only for half-metallic ferromagnets, the quantitative
proof for the theory in the doped manganites gives bulk ex-
ol o perimental evidence that the ferromagnetic manganites are
200 220 240 260 280 300 320 340 indeed half-metallic materials. We are not aware of any other

T, (K materials which have been confirmed to be half-metallic fer-
romagnets by bulk-sensitive experiments. The unique half-

FIG. 5. TheT dependence of the calculated spin stiffnBss metallic nature only found in these doped manganites makes
The solid line is the linear fit witD /kgTc=6.96(5) A2. them one of the most important and useful materials in future
technological applications.

In summary, we report measurements and quantitative
data analysis on the low-temperature resistivity of several
ferromagnetic manganite films. We show that there exists a
T#%term in low-temperature resistivity, and that this term is
in quantitative agreement with the quantum theory of two-
magnon scattering for half metallic ferromagnets. Our

oxide Ba(PQ,PBiy-005.2° Such a rotational mode has a
large anharmonicity®?* and is strongly coupled to conduc-
tion electrons as shown by tunneling experimérthe mag-
nitude of i wg for the 0 sample is 7.6:2.4% lower than
for the %0 sample, as expected for the oxygen-related rota

tional mode with a significant anharmonicity. present results provide bulk experimental evidence of half-

; ; ; 5
. In ordgr 'to give further confirmation tha; th—E“. 'term metallic ferromagnetism in doped manganites, and strongly
indeed originates from two-magnon scattering, it is neces-

sary to show that the values of the coefficiédnin Table | 2“2&?23?2”}2?32{22 photoemission and sanning tunneling
should be in quantitative agreement with Ed). We can P P '

calculate the spin stiffnesdf using Eq.(1), n=x, and theA We would like to thank K. Ghosh for providing the resis-
values listed in Table I. The calculat&@f values for four tivity data of a single crystal LgsBa,3MnO;. The work
manganite compounds are summarized in Table I. It is rewas supported by the Swiss National Science Foundation.
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