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netic phase transition and the coexistence of di˜erent ferromagnetic phases
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1. I n t rod uct io n

Im porta nt question behind the com plex physi cs of the ferrom agneti c m an-
gani tes is the electroni c structure of the m anganese ions and the related pro blem
of the nature of charge carri ers | are the charge carri ers local ized or i ti nerant,
do they coexi st wi th local ized Mn 3 + and Mn 4 + ions, is a system single phase or
several di ˜erent magneti c phasesoccur. Nucl ear m agneti c resonance is a suita ble
to ol to address these problems as i t probes the m anganeseions local ly and a weal th
of inf orm ati on m ay be obta ined concerni ng the local magneti c Ùelds and the nu-
cl ear spi n dyna mics. Yet a cauti on is needed when dra wi ng the concl usion and
the resul ts of the analysis of NMR should be com bined and/ or confronted wi th
the concl usions obta ined by other exp erimenta l metho ds. Al l resul ts described in
thi s contri buti on were obta ined by the two -pul se spin-echo m etho d and thus we
present Ùrst a bri ef descripti on of thi s metho d and discuss the quanti ti es whi ch
m ay be deduced from the analysis of the results. In the thi rd secti on the useful ness
of com bini ng NMR wi th the m agneti c mom ent m easurem ent is i l lustra ted on the
study of the nature of the magneti c tra nsiti on. Fi nal ly, we address the pro blem
of the coexi stence of di ˜erent ferrom agneti c phasesin ferrom agneti c, m etal l ic-l ik e
m angani tes.

2. Sp in -ec ho m et h od

In the two- pul se spin-echo metho d the nucl ear spi ns are al igned along a
stati c, externa l and/ or exchange magneti c Ùeld. An exci ti ng radi ofrequency pul se
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is appl ied, whi ch rota tes the nucl ear m agneti zati on perpendi cular to the di recti on
of the stati c Ùeld. It then begins to rota te wi th the Larm or frequency. Because
of the inho mogeneity present in the sam ple there always exists a spread of thi s
frequency. Af ter a ti me interv al § a refocusing pul se, turni ng the m agneti zati on
by ¤ i s appl ied. A spi n-echo then app ears after wa iti ng for another ti me interv al
§ , when the nucl ear magneti c m oments merge.

There are several quanti ti es whi ch coul d be extra cted f rom such m easure-
m ent and valuable inform atio n m ay be obta ined by analysing them . Below we
bri eÛy describe these quanti ti es wi th a specia l respect paid to the NMR of 5 5 Mn
in m anganites.

2.1. Resonance frequency

If the nucl eus does not possessa quadrup olar m oment or if the quadrup o-
lar intera cti on can be neglected, the nucl ear m agneti c resonance frequency f i s
connected wi th the stati c magneti c Ùeld B N on the nucl ei by

f = g N ñ N B N =h ; (1)

where g N ; ñ N ; h are nucl ear g factor, nucl ear magneto n, and the Pl anck con-
stant, respectivel y. The 5 5 Mn nucl ei has a nucl ear spin I = 5 =2 and g N ñ N =h =

1 0 : 5 7 3 M Hz/ T. The Ùeld B N i s a sum of the externa l m agneti c Ùeld B ex t and the
hyp erÙne Ùeld B h f ari sing from the on-site magneti c dipolar intera cti on between
the nucl ear and electroni c m agneti c m oments

B N = B ext + B hf : (2)

In pri ncipl e the magneti c dipolar Ùeld B di p , ori ginati ng from al l other m agneti c
m oments present in the system, shoul d be added. In ferrom agneti c manganites,
however, B dip i s m uch smal ler tha n B hf and i t can be thus safely neglected.

The m agneti c hyp erÙne intera cti on and corresp ondi ng B hf m ay be wri tten as

H hf = I Â S ; B hf =
1

g N ñ N
Â hS i ; (3)

where S is the electro nic spin, Â i s the hyp erÙne coupl ing tensor. If the sym m etry
of the site is cubi c or i f the orbi ta l m omentum of the electroni c state may be
neglected the hyp erÙne coupl ing tensor reduces to a constant and

B hf =
A

g N ñ N
h S i : (4)

The temperature dependence of the hyp erÙne coupl ing constant A i s usual ly weak
and thus the tem perature dependences of B hf and the spin magneti c mom ent of
the ion coinci de.

In m anganites the Mn ions are octahedra l ly coordi nated. The ground state
of the Mn 4 + ion has the electroni c spi n S = 3 =2 and in the octahedra l crysta l
Ùeld i t is orbi ta l sing let. T o a good approxi mati on hyp erÙne tensor then reduces
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to a constant even in a di storted octahedron wi th the typi cal value of B hf ( Mn 4+ )
at 0 K around 30 T (corresponding f (Mn 4 + ) ¤ 3 2 MHz). For Mn 3 + ion S = 2

and in a regular octahedron the ground state is orbi ta l doubl et 5E g wi th a f rozen
orbi tal m om entum . Due to the presence of exci ted tri plet sta tes 5T 2 g , 3T 1 g the
orbi tal m om entum is not compl etely frozen and, in a distorted envi ronm ent, Â

m ay be ani sotro pi c. T o our kno wl edge no rel iable inf orm ati on on thi s ani sotro py
in m anganites m ay be found in the l i tera ture, tho ugh the NMR results in the
m anganese ferri te [1] suggest tha t i t can be large. In mangani tes B hf ( Mn 3+ ) at
0 K is typi cal ly around 40 T ( f (Mn 3 + ) ¤ 4 2 0 MHz).

In the m angani tes wi th a mixed valence of Mn the form of the 5 5 Mn NMR
spectra depends on the frequency f h op wi th whi ch the electro n hole is hoppi ng
between the Mn sites. If f ho p i s m uch smal ler tha n the di ˜erence Â f = f (Mn 3 + ) À

f (Mn 4 + ) , NMR spectrum consi sts of two disti nct Mn 3 + and Mn 4 + l ines. In the
opp osite l im it f ho p ƒ Â f the NMR exp eriment sees an avera ge valence state
of Mn and a single \ m oti onall y narro wed" NMR l ine is observed. The frequency
of thi s l ine equals to [ f (Mn 3 + ) À f (Mn 4 + ) ] =2 if the hoppi ng is between the two
sites onl y, whi le i t coinci des wi th the center of gravi ty of Mn 3 + and Mn 4 + l ines
when the hoppi ng invol ves a large numb er of the sites. Let us note tha t Â f ¤

1 0 0 MHz is much smal ler tha n the hoppi ng frequency necessary for the system
to be classiÙed as metal l ic and thus the observati on of a moti onally narro wed
spectrum is necessary , but not su£ cient condi ti on for the system to be meta l lic.

2. 2. Relaxat i on of nucl ear magnet i zation

Af ter the exci ta ti on ¤ =2 pul se is appl ied, the com ponent of the nucl ear
m agneti zati on perpendicul ar to the stati c Ùeld begins to decrease exponenti al ly
m

?
¿ exp ( À t= T 2 ) , where T 2 i s the spin{ spin relaxati on ti me. Simul ta neousl y the

para l lel component appro aches exponenti al ly its equi l ibri um value m
k

=

m eq [ 1 À exp( À t= T 1 )] ; T 1 being the spin{ latti ce relaxa ti on ti me. T 2 is always smal ler
tha n 2 T1 , in m any ferromagneti c m angani tes being shorter by an order of magni -
tude. D uri ng the ti me interv al § between the exci ti ng and refocusing pul ses m

?

parti al ly decays and, as a consequence, the am pl i tude A of the spin-echo decreases
wi th decreasing T 2 :

A ( § ) = A (0 ) exp( À 2 § =T 2 ) : (5)

W hen di scussing the am pl itude of the spin-echo i t is thus importa nt to
extra polate i ts value to § ! 0 . Fai lure to do tha t m ight lead to a m isconcep-
ti on (see [2] f or a deta i led discussion). In Fi g. 1a the NMR spectra of 5 5 Mn in
La 0 :7Ca 0 :3Mn O3 at temperature 77 K, ta ken wi th di ˜erent § , are di splayed. For
§ = 7 0 ñ s the spectrum consi sts of two peaks whi ch could be attri buted to tw o di f-
ferent Mn centers. Thi s woul d be an erroneous concl usion, however, as for shorter
§ the structure di sappears and the true NMR spectrum is a single, m oti onall y
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narro wed line. As seen in Fi g. 1b the \ structure" of § = 7 0 ñ s spectrum is caused
by the fact tha t the relaxati on rate depends on the frequency, i t is m axi mal at
the center of the l ine and the f ast relaxa ti on of correspondi ng spins reduces the
spi n-echo signal (cf : Eq. (5)). Thi s behavi or is typi cal of the Suhl { Nakamura (SN)
m echani sm of the relaxa ti on [3], e˜ecti veness of whi ch increa ses wi th increasing
num ber of resonati ng nucl ear spins. We also note tha t the SN mechani sm strongly
depends on the tem perature | i t decreases as the temperature is raised.

Fig. 1. La 0: 7 Ca0 : 3 Mn O3 polycrys tal at temp erature 77 K . (a) N MR spectrum of 55 Mn

for di˜erent values of § . (b) Spin {sp in relaxatio n rate T
1

2 as a function of frequency .

In a numb er of ferrom agneti c m angani tes wi th the m etal l ic-l ike conducti vi ty
the relaxa ti on rates T and T depend exponenti al ly on the tem perature [4, 5].
Thi s can be understo od as caused by the hoppi ng of the electron holes tha t induces
Ûuctua ti on of the hyp erÙne Ùeld on the Mn nucl ei . As a functi on of the character-
isti c ti m e § of the hoppi ng pro cess, the relaxati on rate atta ins a m axi mum for
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f §ho p = 1 :

T À 1
1

¿

f §ho p

1 + ( f § ho p ) 2
: (6)

For the m oti onal ly narro wed l ines where f § ho p < 1 faster relaxati on thus m eans
tha t the hoppi ng is slower and the compound less conducti ng. Cl ose to the m ag-
neti c tra nsiti on tem perature there is an addi ti onal increase in the relaxati on rate
and i t di verges at T c , whi leat low tem peratures other pro cessesl ike SN mechanism
prev ai l .

2.3. Li ne widt h

The m angani tes R1 À x M x MnO 3 are very inhom ogeneous system s, not onl y
two di ˜erent typ es of ions enter the same subl atti ce, but very often several disti nct
phases coexi st in the sam e com pound. As a result the NMR spectra of 5 5 Mn in
these system s are inhom ogeneousl y bro adened. Octa hedra l ly co-ordi nated Mn 3 +

ion is kno wn to be sensiti ve to i ts envi ronm ent | thi s is a consequence of a stro ng
vi bro nic intera cti on (Ja hn{ Tel ler e˜ect) and not com pletel y quenched orbi tal m o-
m entum . W e expect theref ore the Mn 3 + l ine to be broader com pared to the Mn 4 +

one. The l ine wi dth of the moti onally narrowed l ine is correl ated wi th the disorder
in the (R ,M) subl atti ce whi ch is docum ented in T able ta ken from Ref. [6].

T ABLE

Width Â 1 = 2 at half the amplitude of 55 Mn N MR motionall y
narrow ed line in several manganites containing 30% of Mn 4 +

ions. ¥ 2 characteri zes the disorder caused by the di˜erence of

ionic radii of the lanthanoid and the substituti on. ¥
2

=
P

2

2 , w here are the ionic radii and are corresp ondin g

fractional occupancies.

C omp osition 2 [¡A 2 Â 1 2 [M H z]

La C a MnO 0.0003 20

La N a MnO 0.0005 21

La Sr MnO 0.0019 20

Pr C a Sr MnO 0.0022 26

La Pb MnO 0.0038 34

Pr Ba MnO 0.0178 47

average of Â 1 2 of comp ounds w ith Sr content 0. 25 and 0.35

The l ine wi dth of the 5 5 Mn NMR l ines in m anganites is of the order of sev-
era l tens of MHz. An eventual quadrup olar spli tti ng, whi ch should be present in
the di storted Mn sites, is m uch smal ler and can be thus neglected. If inequi valent
Mn centers are present in the compound in question, the bro adness of corresp ond-
ing NMR l ines often leads to thei r overl ap whi ch com pl icates the analysis of the
spectra.
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2.4. Enhanc ement factor and t he ampl i tude of t he spin-echo

Simi larl y as the stati c Ùeld the rf Ùeld, besides di rect coupl ing to the nucl ear
spi ns, coupl es also indi rectl y | i t intera cts wi th the electronic spin system and,
thro ugh the hyp erÙne coupl ing, the ti m e dependent part bN ( t ) of the m agneti c
Ùeld on the nucl ei is am pl iÙed. The ampl iÙcati on is very large in the f erromagnets
and i t is characteri zed by the \ enhancement tensor" ² ˜ Ù . Enha ncement tensor
depends l inearl y on the local rf susceptibi l i ty â ˜ Ù of the electro n spin system and
on the hyp erÙne coupl ing tensor A ˜ Ù :

² ˜ Ù =
X

Û

A ˜ Û â Û Ù : (7)

The local rf susceptibi li ty is a compl icated quanti t y. It is very large for the spins
in the domain wal ls | rf Ùeld causes an oscil la ti on of the domain wal l and corre-
spondi ng change of the perpendi cular component of the electroni c spins is large.
For spi ns in the domains â ˜ Ù depends on the shape of the sampl eand on ani sotro py
Ùeld B A . Neglecting the anisotro py of hyp erÙne tensor, for a spherical sampl e and
m agneti zati on along the easy axi s z :

² = ² x x = ² y y = B N =( B ext + B A ) ; ² z z = 0 : (8)

The exci ti ng radiofrequency pul se shoul d turn the nucl ear magneti zati on by
¤ =2 . W i th a Ùxed pul se dura ti on £ t thi s condi ti on determ ines the opti mal am pl i -
tude b opt

rf of the radi ofrequency Ùeld, whi ch in turn depends on the enhancement
facto r ² [3]:

b opt
rf =

h

g N ñ N

1

3 ² £ t

: (9)

As the values of ² are di ˜erent for nucl ei in the dom ain wal ls and in the dom ains
and, i f there are several di ˜erent phases present in the system , also for the nucl ei
in di ˜erent phases, the bopt

rf m ay be used to Ùnd out the region from whi ch the
spi n-echo signal ori ginates.

Pro vi ding tha t brf i s Ùxed at its opti m al value and tha t the correcti on for
Ùnite § i s made, the ampli tude of the spin-echo signal is proporti onal to the num ber
of resonati ng nucl ei . Thi s can be used to determ ine relati ve numb er of nucl ei
contri buti ng to the spi n-echo signal at di ˜erent frequenci es and theref ore, af ter
integ rati on over corresp ondi ng NMR l ines, also relati ve volum eof di ˜erent phases.
Such inf orm ati on is qual ita ti ve only, however. Especial ly i f com pari ng l ines wi th
very di ˜erent resonance frequenci es, other correcti ons of the am pl itude m ay be
im porta nt.

The am pli tude of the spi n-echo A decreases as the tem perature is ra ised
because the popul ati ons of the energy levels of the nucl ei equal ize. For therm al
energy larger tha n the hyp erÙne spl i tti ng (typi cal ly for T larger tha n 0.1 K)
A ¿ 1 =T fo llows f rom the Bol tzm ann stati sti cs. Thi s statem ent is again qual -
i ta ti ve, as the hyp erÙne spli tti ng i tsel f is tem perature dependent and so is the
enhancement facto r ² .
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3. M agnet ic ph ase t r an si t ion

NMR is very useful to ol for the study of temperature dependence of the
electronic magneti c mom ents as i t probes thei r behavi or local ly thro ugh the hy-
perÙne Ùeld (4). In f erromagneti c m anganites the com binati on of NMR and D C
m agneti zati on studi es are of parti cul ar im porta nce when determ ining the nature
of the m agneti c tra nsiti on. D ue to the inhom ogeneit y of these system s, the ferro-
m agneti c and paramagneti c phases may coexi st below the tem perature at whi ch
nonzero m agneti zati on is observed. The com pari son of NMR and m agneti zati on
data then al lows to determ ine relati ve vo lum es of these phases, as wel l as to Ùnd
out whether the tra nsiti on is conti nuous or di sconti nuous.

Fig. 2. The temp erature dep endence of reduced magnetizati on (¯ ) and reduced N MR

frequency (£ ) in La 0 : 7 Sr 0: 3 MnO 3 . T he dashed curve is the Ùt to the power law . I n the

low er inset the spin{la ttice relaxation time vs. T is displ ayed together with a linear Ùt

(dashed line). I n the upp er inset the ac susceptibi li ty vs. T is show n.

Typi cal exam ple of a conti nuous tra nsiti on is found in La Sr MnO [4].
As seen f rom Fi g. 2 tem perature dependence of the reduced m agneti zati on and
reduced NMR frequency coinci de in the who le tem perature region where the
spi n-echo signal m ay be detecte d. Mo reover, l inear Ùt to in a cri ti cal region and
the temperature dependence of the susceptibi l i ty give very simi lar values of .

Mo re com plex behavi or is found in Pr Ca Sr MnO and
Pr Ba MnO compounds [6]. Here the tem perature dependences of reduced
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Fig. 3. Pr 0 : 7 Ca0: 15 Sr 0 : 15 MnO 3 (a) and Pr 0 : 7 Ba 0 3 MnO 3 (b). Temp erature dependence

of the N MR frequency ( ) and magnetization ( ) relative to their values at 77 K . T he

dotted curves serve as a guide for eyes only . In the insets the dep endence of integrated

intensity of the N MR line (+ ) is displa yed. T he intensity w as corrected for the spin{spi n

relaxation . The full curve is a hyp erb olic dep endence, expected in a single phase system.

m agneti zati on and reduced NMR frequency di ˜er | as is appro ached
decreases conti nuousl y to zero, whi le rem ains high

(Fi g. 3). Thi s m ay be understo od i f the m agneti c tra nsiti on is of the Ùrst order and
the volume of the ferrom agneti c phase decreases for . Such interpreta ti on
is further supp orted by the temperature dependence of the integ rated intensi ty
of the NMR signal (see insets in Fi g. 3). As discussed above, in a sing le phase
system thi s intensi ty is proporti onal to . In both system s studi ed a downw ard
devi ati on from the dependence is observed, reÛecting the decreasing volume
of the ferrom agneti c phase.

In Fi g. 4a the NMR spectra of Mn in La Ca MnO polycrysta l at
K, for several values of the pul se separati on ti me are displayed. It

is seen tha t wi th increasing the wi dth of the spectra Ùrst decreases, but then
rem ains constant after surpa sses certa in cri ti cal value. The sim plest interpreta -
ti on, tha t represents thi s dependence fai rl y well , is to assume tha t the NMR signal
consists of tw o l ines, whi ch possessdi ˜erent . For su£ ci entl y large s
onl y the l ine possessing larger contri butes and the spectra can be Ùtted by
sing le Gaussian l ine , centered at 322 MHz, wi th hal fwi dth of 22.4 MHz and

s. The contri buti on of faster relaxi ng nucl ear spins can be then de-
term ined by subtra cti ng f rom the experim ental spectrum (sol id curves in
Fi g. 2b). Thi s contri buti on can also be Ùtted by a Gaussian l ine centered at
307.3 MHz wi th the sam e hal fwi dth as the l ine , but shorter s. In
Fi g. 4c the m ean relaxa ti on ti m e is di splayed as functi on of the resonance fre-
quency (the di ˜erence in is to o smal l to resolve clearl y the two
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Fig. 4. La 0 : 7 C a0 : 3 MnO 3 ; T = 200 K . (a) N MR spectra for several values of § . (b) De-

comp ositi on of the spectra on two Gaussian lines A 1 2 (dotted curves). T he full curve,

corresp ondi ng to the 2 line resulted from subtraction of 1 line from the experimental

spectrum. (c) F requency dependence of the mean relaxation time 2 .

exp onenti als when m easuri ng spin-echo decay at Ùxed frequency). The constant
value of above 325 MHz corresp onds to the relaxati on of the l ine, whi le the
decrease in below 325 MHz reÛects the increase in the relati ve wei ght of nucl ei
possessing shorter .

Two -l ine character of the NMR spectra suggests tha t the compound in ques-
ti on conta ins two di ˜erent FM phases , whi ch give rise to the l ines at
hi gher and lower frequency, respectivel y. Pha se is characteri zed by shorter ,
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i .e., faster dyna m icsof Mn nucl ear spins tha t, accordi ng to (6) im pli es slower hop-
pi ng of Mn electro n holes. W e have also found tha t the enhancement factor ² ( A 2 )

i s appro xi matel y twi ce smal ler tha n ² ( A 1 ) , indi cati ng larger m agneti c ani sotro py
in the A 2 pha se (cf : Eq. (8)).

Fig. 5. Relative volume of the A 1 phase deÙned as A 1 = ( A 1 + A 2 ) (a) and relative

di˜erence of the resonance frequencies 1 2 1 2 (b) as

functions of the reduced temp erature for four di˜erent manganites. In the inset the N MR

data for La C a MnO ) are compared with the muon spin relaxatio n ( , [10] ) and

the M �ossbauer spectroscopy ( , [11]). T he data for (Pr, Sr) comp ound corresp ond to the

FM phase only .

Using the appro ach described above the co-existence of the two di ˜erent
ferrom agneti c phases A 1 ; A 2 was establ ished in a numb er of other m etal l ic-l ik e
m angani tes [2, 7], pointi ng to the fact tha t such phase separati on is rather general
phenom enon. In Fi g. 5 the tem perature dependence of the relati ve volume of the
phase A 1 i s di splayed for four di ˜erent m angani tes.

The nucl ear magneti c relaxati on of 5 5 Mn becom es fast for T T or when
f § 1 whi ch makes detecti on of the spin-echo signal di £ cul t and someti m es
im possibl e. The NMR lines are inhom ogeneously broadened and in m any cases
the spectra ori ginati ng f rom inequi valent Mn ions overl ap, m aki ng the analysis
compl icated and cumbersom e. D espite these obstacles many valuable resul ts were
obta ined. To the m ost recent results tha t, because of the space l im i ta ti on, were
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not di scussedabove belong the study of the phase separati on in the f erromagneti c,
but insulati ng m angani tes [5, 8] and the evidence for the charge m odul ated state
in the La0 : 84Sr0 : 16MnO 3 [9].
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