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Ferromagnetic manganites: Half-metals versus polaronic conductors
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The spin-lattice and spin-spin NMR relaxation timeg and T, of %Mn and *%a were measured as a
function of temperature in several (LaNa)Mga@erovskites, which are ferromagnetic and exhibit metallic
conductivity. Exponential dependence was observed for'bpﬂande_l. In the critical region the relaxation
rates are further enhanced. The NMR relaxation may be explained by fluctuations of hyperfine fields caused by
the hopping of thegy electrons of Mn ions. The spin dynamics is discussed in terms of the half-metal and
polaronic models of the manganit¢§0163-1829)07413-9

I. INTRODUCTION of the spin-spin relaxation rate with increasifigvas found
in (Pr,Ba and(Pr,Ca,Sr manganites® In the (LaNa) system
Perovskite manganites with mixed MhMn** valence the relaxation rate in the region close Tg was studied to
have attracted a great deal of attention recently, due to thelarify the order of the magnetic phase transitton.
“colossal” magnetoresistance observed in ferromagnetic In this paper we present an extensive study of the tem-
samples near the Curie temperature. The basis for the undgserature dependence of the NMR relaxation in the
standing of simultaneous existence of ferromagnetism anga, ,Na,MnO; system for three concentrations of Na (
metallic conductivity in these compounds is the concept of=(.1, 0.15, and 0)2between 60 K and¢. In the system in

the double exchange, which is associated with the hopping qfyestion Na* ion is substituted for trivalent [34. The con-
electron holes between Mn iohddowever, in order to ex-

liquid to polaron crossovercomposite polaron mechanisim, . . : I .
e?ectron FI)ocalization due to thepspin (Ijaisordenonmagnetic lattice and Spin-spin relaxf'i.tlon t|m_é'§,T2 for *Mn n.UCIE'
randomness etc. First-principle calculations of the electron vl\gere determlned. In add't_'on fox=0.2 the relaxation of
structure of Lg-Ca,sMnO; (Ref. 6 indicated that the sys- "La nuclei was also studied.

tem in question is effectively half-metallic, i.e., at low tem-

peratures it is metallic for the majority spin channel, while

the minority spin electrons exhibit the Anderson localization. . EXPERIMENTAL PROCEDURE AND RESULTS

An important feature of the systems in question is the spin The polycrystalline samples used in the present study

dynamics, as it is intimately connected with the colossal ere described in Ref. 11. Curie temperature was determined
magnetoresistance phenomena. Experimental studies of the th i d NMR P ts 1o be 266. 315
spin dynamics can be used to test various theoretical a rom the magnetc an measurements to be ' '

proaches as it is sensitive to the model used. Several receifd 325 K fox=0.1,0.15, and 0.2, respectlvéﬁ/fl'he Spin-
experiments indicate unusual dynamics in the manganite§CN0 measurements were performed in zero external mag-
Using muon spin relaxation, Heffnet al” observed anoma- netic field using a noncoheren_t spectromet_er with frequency
lously slow spin fluctuations in L@ CaysMnO;. Moss-  Sweep and boxcar detector signal averaging. As the NMR
bauer spectroscopy of the same system doped with Fe and SRectra of both®*Mn and **%a are broad, short pulses
was reported by Simopoulas al® From rather scarce data ~0.5-1 us were used. We start with the description of the
obtained on5"Fe and!'%n these authors deduced that themeasurements of th&Mn relaxation. The spin-spin nuclear
relaxation rates increase exponentially with the temperaturgelaxation timeT, was determined from the decay of the
A rapid increase of*%La spin-lattice relaxation rate with the two-pulse spin echo. We have found that the decay of the
increasing temperature in nonstoichiometric LaMn®as  amplitude of the spin echo is well described by the sum of
found in Ref. 9 using NMR in high magnetic field. Although two exponentials, moreover the decay depends on the radio-
the results of the above experimental studies, provide valufrequency(rf) field (Fig. 1). For sufficiently high rf field this
able information on the spin dynamics, they do not coverdependence saturates. Shown in Fig. 2 are the relaxation
directly the most important item — the spin fluctuations ontimes (a) and the amplitudegb) of the two components vs
the manganese ions themselves. In our recent pdpgéthe  the rf field, obtained by decomposing the decay. We attribute
temperature dependence of the NMR BNn nuclei in sev-  the faster component to the contribution of domain walls and
eral ferromagnetic manganites was studied. A fast increastae slower component to the nuclei in the domains. The char-
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FIG. 1. LagNay,MnO;. Spin-echo decays af= 77 K and | %00 o _|
frequency 373 MHz for three different rf fields. Full curves corre- 20 Oo0@og gob oD
spond to the fit with two exponentials, while the dashed lines cor- B Doooo T
respond to the slower component. - —
acter of the dependence of the corresponding amplitudes on o L1 vy |V |v T v, v|v |V N T v|
the rf field[Fig. 2(b)] supports this conclusion. The inhomo- 0.95 1.00 1.05
geneity of the system studied leads to an inequivalency of #
max

55Mn nuclei as far as NMR is concerned. Even for nuclei in
the domains a distribution df, as well as a distribution of

FIG. 3. LagNay MnO;. (a8) NMR spectrum of*Mn at T= 77

optimal resonance conditions exist. This is a probable reasok corrected for the relaxatiorib) Spin-spin relaxation tim@&, as a
for the dependence of the decay on the rf field we observedunction of reduced frequency @t=77 K (O),T=140 K (O), and
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FIG. 2. LagNay MnO;.T, (@) and amplitude(b) for the fast

T=240 K (V).

Taking this into accountT, of the slower component in the
saturated regioiiFig. 2(a)] is considered in the following
discussion.

The actual rf field acting on the nuclei consists of the
external rf fieldB,; and the field produced by the oscillating
magnetic moments of electrons. The presence of the elec-
tronic magnetic moments thus enhances the effedB,pf
Corresponding enhancement factors may be estimated from
the valuesB} of the external rf field, at which the amplitude
of the spin echo attains its maximum. From the Fig) 2ve
determineB[f=0.4 G (0.06 G for the nuclei in domains
(domain wallg. Corresponding enhancement factors are
~3000 for the nuclei in the domains and20 000 for the
nuclei in the domain walls.

Still another complication when studying relaxation in
these system is the frequency dependence of the relaxation
time T, across the NMR spectrum. This is illustrated in Figs.
3(a), 3(b). Analogous behavior was observed by Leung and
Morrish'? in (LaPb)MnGQ, at T=4.2 K. The change is sub-
stantial at low temperatures and decreases with increasing
temperature. In Fig. 4 two sets of data are displayed — faster
and slower rates correspond to the center and the wing of the
line, respectively. In Ref. 12 this behavior was ascribed to
the Suhl-Nakamura interaction in which the nuclear spins
interact via virtual electronic spin waves. The minimum in

(O) and slow@®) components of the spin-echo decays as functionsT, occurs in the center of the line because majority of the

of the rf field. The experimental conditions as in Fig. 1.

nuclear spins precess at or near this frequency. In what fol-
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FIG. 4. La ,NaMnO;. Temperature dependence of the relax-  FIG. 5. La gNa, MnO;, T=77 K. (a) Decay of the transversal
ation rateT; * of *Mn. Two sets of data correspond to faster and component of*%a nuclear magnetizatiod. Solid curve is a fit by
slower relaxation in the center and the wing of the resonance lineg single exponentia(b) Decay of the longitudinal component bf.
respectively. Dashed curve is a single exponential fit while the solid curve cor-

responds to Eql).
lows T, * corresponding to the wing of the resonance line is

considered, as this is only weakly influenced by the extrgjonce of the relaxation rates 8Mn is similar in all com-
relaxation connected with the Suhl-Nakamura interaction. pounds studied. The form dfl—l ande_l vs T dependence

The spin-lattice r_elaxatior_1 tim§.1 was determ_ined f_rom is almost the same, bL]Ifz_l is by an order of magnitude
Lhueclzzz(?s\ﬁr?; &f/ zngicﬂopﬂ;ﬁ% dalfltae;r:[;?orl?:gerfltﬁg OfIarger. A similar striki_ng result was obtained for all _N_a con-
saturation of the spin-echo signéinethod $. We have cer_ltratlons — the spin rel_axatlo_n p_henom_ena exhibit a rat_e,
found that within the experimental error IR énd S methodsWhICh Increases expopennally with increasing temperature in

. : a broad temperature interval. We have observed similar be-
lead to identical results.

: . . havior of the nuclear relaxation in other mangant{e¥
55 - . b .
~Mn nuclei has nuclear spih=5/2 and it may thus ex- \reqver  results obtained by Leung and Mortfshin
perience the quadrupole interaction. If the correspondin

— -1
quadrupole splitting exceeds the excitation bandwidtH ( L2y 6Py 5 MO, at T—4.2 and 77 K also fall on the; }(T)

MHz) a multiexponential behavior of the nuclear magnetiza—dependencél:'g' 6). It seems therefore that the exponential

tion is expected. Th@, data we obtained can be well de- temperature dependence of the relaxation rates is a common

scribed by a single exponential, however. This indicates thafteature of the ferromagnetic metalliclike manganites for tem-

the quadrupole splitting is small, i.e., the octahedrons of Mrp_eratures down to 4.2 K. When approaching the_ critical re-
ions are only slightly distorted. Similar behavior was ob-9'on (T—Tec), further enhancement of the relaxation rates is

served by Allodiet al*® Only small(if any) distortion of the observed.

. 13 - .
octahedra in the ferromagnetic, metalliclike manganites wagSNT el_?)_(?tlonh%f_t La (Flg. is mucht.sllotwer con:pare(:jd 0
also found by the EXAFS spectroscoy:s n.T, - exhibits again an exponential temperature depen-

For ¥9%a nuclei the decay of the two pulse spin echo may

be described by a single exponential, except for the data oo r T
obtained using the shortest pulse deld¥sg. 5a@]. No 108 & x=0.1 & .
change ofT, across the NMR spectrum was observed. In 8 x=0.15 £ Eg"“ 3
contrast to °°Mn, the longitudinal component of*%La [ ° x=02 o B 1
nuclear magnetization probed by the IR method does not A eAE‘ g .
exhibit the single exponential behavidfig. 5b)]. This in- ~10°F af 280 3
dicates that quadrupole interaction &f%La cannot be ne- o : N anofl .
glected. Analogous conclusion was made by Alledial® = 3 58 Ac;th 1
Assuming that the spin-lattice relaxation mechanism is pre- T 10t | 8o @éoﬂ ]
dominantly magnetic and only the centrall/2— 1/2 transi- E 400 3
tion is saturated, the recovery is described by o eogq” ]
i J: 1
_ 4 owe_ 2 1w 20 _some 10°g  go 3
M(t)—Mo(l—ﬂe —ﬁe —ﬁe E ]
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where the transition probability\®="T; *. FIG. 6. La_,Na,MnO;. Temperature dependence of the relax-

The relaxation rates obtained as discussed above aegion ratesT,* andT;* of ®Mn. The full circles is the spin-spin
shown as functions of in Figs. 6,7. The temperature depen- relaxation in Lg ¢Pky 3:3MnO; (Ref. 12.
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FIG. 7. Lg gNay ,MnO;. Temperature dependence of the relax-
ation ratesT, * andT; ! of *%a.

dence, whileT, * remains almost constant outside the critical

region. It is interesting that, except for the critical region, oury

results in zero external magnetic field resemble those o
tained by Allodiet al® in high field.

Ill. DISCUSSION

Let us examine the contributions of possible mechanism

to the nuclear spin-lattice relaxation in the system studied. |

conventional ferromagnetic metals the spin-latice relaxation
is dominated by a Korringa process in which the relaxing

nuclear spin flips an electronic spin down. Correspondin
relaxation rate is proportional t6:

Ty '« TN (Ep)N| (Ep), ¥

whereN;(Eg),N|(Eg) are the densities of states of up and

down spin electrons at the Fermi energy. As our results
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where yy is the nuclear gyromagnetic ratio ang, is the
nuclear magnetic resonance frequency. If the time-
correlation function ofsH is characterized by a single cor-
relation timer, i.e.,

({8H(t)5H(0)})oc exp(—t/7) (5)
then from Eqgs(3),(5) follows
o
1 1+(w07)2. ©

The correlation timer corresponding to the hopping of the
electron holes varies with temperature as

=1, eXp(E/kgT), (7

whereE is the activation energy.

In the “effective” half-metal model of Picket and Singh
the minority spin electrons are localized at low temperatures.
As the temperature is increased they can migrate and cause
he relaxation which attains a maximum fegp7=1. There
exist at least two reasons, however, which make this scenario
improbable.

No maximum is observed iT~}(T) dependence. The
temperature of the maximum might be eventually outside the
interval of our measurement, i.e., higher thBn. This im-

lies, howeverwyr>1 and Eq.(6) then predicts thermally
activated behavior of the relaxation ratdT; >«
exp(—E/kgT)] which can be hardly reconciled with our re-

ults. The disagreement remains unchanged even if a distri-

ution of 7 instead of a single correlation time is assumed.

If such slowly moving o7>1) carriers exist, distinct
lines in the NMR spectrum should appé&indeed, the line
corresponding to the concentratiai~0.4% of localized
Mn** was observed af,.<~330 MHz in the spectra ok
0.2 sample . At the same time, far=0.1 andx=0.15

clearly show an exponential dependence, we have to corr@MPIes, no evidence for such line was fouae 0.02%). It

clude that despite the metalliclike conductivity the system in

seems improbable that so differenwill lead to a similar

question is not a conventional metal. In an ideal half-metal€l2xation rate in the three compouri@g. 6).

N,(Ef)=0 atT=0, the Korringa process is therefore inef-
fective. A weak, two-magnon procédswill then determine
the relaxation at low temperatures. As is approached,
transition to the metallic Korringa-like behavior should oc-
cur, leading to an anomaly in th&,;(T) dependence. Our

results do not support this model either. We note that the

case of an “effective” half-metal is different and it will be
discussed below.

Another source of the relaxation is the fluctuation of hy-

perfine fields caused by the migrating electron holes — a

analogous mechanism was used to explain the nuclear ma

netic relaxation in magnetittand in CuO:Li*® The general
formulag® relating the relaxation rateg; *, T, * to the fluc-

tuating local fieldsH are

2

Tl‘lz%fldtcos{wot)<{5H+(t)5H_(0)}), ()
L, 1 ”
Tol=2 T f_wdt<{5Hz(t)5Hz(0)}>’ @

As the most likely source of the relaxation we therefore
propose the fluctuation of hyperfine fields caused by the rap-
idly hopping (wo7<<1) electron holes. The hopping leads to
fluctuation of the Mn valency. The magnetic part of the
electron-nuclear hyperfine coupling is

> A >

I:lhf: SAl. (8)
The Mrf* ion has the spir=3/2 and the hyperfine cou-

I;?Iing tensorA is nearly isotropic, while for the MH ion

5=2) A is strongly anisotropié*??Fluctuation of the spin
and the magnitude ok leads to the fluctuation of the longi-
tudinal component of the local field and it is the cause of
T,* [Eq. (4)]. The mechanism responsible far ! arises
again from the fluctuation of the spin add but this time
due to the anisotropy of the hyperfine coupling when there is
an angle between the axes of quantization?m‘nd [. In the
limit w7<<1, both rates are proportional ta Usually the
hyperfine coupling tensor changes only slightly with tem-
perature, similar form of the temperature dependenc‘EIéf
andT, ! is then expected. The behavior of tReMn relax-
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10" T 1T havior occurs if the hoppingy holes are considered as spin
polarons(for thorough discussion of spin polarons see Ref.
25). In accord with the concept of spin polaron the motion of
€4 holes polarizes ferromagnetically the spins of theelec-
trons of the Mn ions and, on the other hand, the existence of
the ferromagnetic ordering makes their hopping easier. In the
fully spin-ordered stateT7—0) the activation energy of the
spin polaron vanishes and it has a maximum in the vicinity
of T..?®

There exist other experimental results pointing to the ex-
istence of spin polarons in the manganites. In a recent
papef® the decrease of the activation energy with decreasing
temperature was successfully used to explain the dependence
of the resistivity on temperature and magnetic field in
Ndp 55515 4éMNO5. In several manganites the neutron
experiment$”?® indicated the presence of the spin polarons
100 200 300 400 below T.. We also note that the correlation time deduced

T (K) from our results is consistent with the width of the quasielas-
tic scattering peak beloW ascribed to the spin polarons in

FIG. 8. La_,NaMnO;. Temperature dependence of the corre- Refs. 27,28.

lation time for theey hole hopping. The line is the fit of data to For all three samples the temperature dependenceiof

& x=01
o x=0.15
o x=0.2

101

10713

o TTTTI[

aexpp). approximatelly exponentigfull line in Fig. 8):
ation observed experimentallfFig. 7) can be explained in r=aexpbT), a=4.3x10""s, b=0.02 K?!
this way. There is, on the contrary, no such interconnection (10

betweerT; * andT, ! of **%a (Fig. 7). This, however, can : I :
be understood from the geometry of the perovskites in ques(_:omparlson of Eqs(10) and(7) implies a quadratic depen-

tion. The e, orbitals of Mn give little contribution to the dence of the activation energy on temperature
transferred hyperfine field on the La sites. In this situation E=bkgT% 7.=a. (12)

the migratinge, holes cause the fluctuation 6H on **%a . . L
mainly through the fluctuating dipolar field. Straightforward Using Eqs.(10),(11) we obtain for the three manganites in

- ST tion the activation energy at the Curie temperature
calculation shows that for spin direction close(tt00) the ques i
fluctuation is perpendicular to the hyperfine field on La andE(TC) =0.13-0.18 eV. Abover; a number of groups report

therefore it gives rise tdl;*. This relaxation channel is thermally actlvated_ cc_)nductlc_)n with activation energy O_f the
order of 0.1 eV. It is interesting to note the near equality of

relatively weak, however, and other processes might also bt('ﬁ e tWo values.

important. The experimental results correspond to the situa- It is clear that from our results we cannot conclude that

gon wrc:en tan?the;' SOUI'(.Zt;,_\iVQIgl’_] lcauggs )[/vetf;l]kly t?mptg ratwi%e only cause of the relaxation in the system are the migrat-
ependent refaxation with; 1, adds fo the relaxation ing carriers. Similarly to the effective half-metal model, an-

caused by the migrating, holes. i 53V . other type of electron holes might exist, for which the band
We now tgrn back to the ane}IyS|s n relaxation. The picture is appropriate. If, however, the holes causing the re-
correlation time7 may be estimated using the Anderson 5y ation are associated with the minoriy| carriers in the

model of the motional narrowirg** half-metal, it follows from our results that) the minority
carriers are never fully localized-& 10~ 1°s), (ii) they move
T, 1= 7 fyna+ — fyna+ 127=8X 10' £(T)/(0) 1?7, by hopping, and(iii) .the barrier_s are ;trongly temperature
(99  dependent and they increase with the increasing temperature.
It is the last item which we think is difficult to comprehend
IR , within the effective half-metal model. Coey al?® proposed
whereT, " is in s" andf is the NMR frequency obser\2/4ed. the model in which the strong localization effect due to the
We took for T—O0fy3+ =410 MHz, fy+ =320 MHz; spin disorder and nonmagnetic randomness leads to the hop-
and identical temperature dependencefypf-,fyne+, andf  ping or tunneling ofey! holes between weakly localized
were assumed. Substituting experimental value3,0finto  wave packets. This or another similar scenario which takes
Edg. (9), 7 as a function ofl was obtained. As already noted the spin disorder and nonmagnetic randomness into account,
in Sec. Il, the system in question is inhomogeneouseter-  could be more relevant to the results we obtained.
mined in the above way must therefore be considered as a
mean correlation timer as a function of the temperature is IV. CONCLUSIONS
displayed in Fig. 8the data in the critical region were left
out). It is seen that the correlation time decreases with de- Our study of (NaLa)Mn@ manganites revealed an
creasing temperature. This behavior is opposite to the usuanomalous temperature dependence of ¥én nuclear
case of thermally activated hopping with fixed activation en-magnetic relaxation. The exponential dependence observed
ergy. It can be understood, however, if the activation energgan be understood in terms of the fluctuating hyperfine field
rapidly decreases with the decreasing temperature. Such beaused by the migration of the, electron holes. The de-
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