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A n N M R study of poly cryst al li ne Pr 0 5 C a0 5 Mn Ga O ( and
0.03) at 3 K is presented. Zero Ùeld spin -echo spectra of the Ga dop ed com-
p ound consist of an overlappin g Ga signal at 74 M H z (hyp erÙne Ùeld of
5.3 T ), a Mn dou ble exchange line at 375 MH z (35. 5 T ) and a weak Mn

signal betw een 400 and 550 MH z. Measurements in an applied Ùeld show a
step- like increase in the double exchange line intensity , w hich corresp onds
to an increase in the amount of the ferromagnetic metallic phase. This coin-
cides w ith a step- like feature in the bulk magnetizatio n measurements. T he

e˜ect is similar to that in the previous Ùeld dependent Mn N MR mea-
surements of Pr 0 6 7 C a0 33 MnO 3 . A t the demagnetized and remanent state, a
variation of spin spin relaxation time, , across the Mn line, due to the

Suhl N akamura interaction is observed, w hich suggests that the ferromag-
netic metallic double exchange regions, at li qui d helium temp eratures, are
at least 4 nm in size.

PACS numb ers: 76.60. {k, 75.47.Gk

1. I n t rod uct io n

The perovski te m anganites of general form ula Ln x Ca x Mn O (Ln = lan-
tha nide) are of great interest due to thei r large vari ety of structura l and m agneti c
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pro perti es [1], includi ng colossal m agnetoresistance (CMR ). For Pr and Ca in the
region of x ¤ 0 : 5 , charge orderi ng (CO) and orbi tal orderi ng (OO) ta kes pl ace
am ong the Mn 3 + and Mn 4 + cati ons, whi ch is accom pani ed by anti ferromagneti c
(AFM) orderi ng of C E typ e. For Pr 0 :5 Ca0 :5 MnO 3 compound a m agneti c Ùeld as
hi gh as 20 T is requi red to col lapse the CO state [2]. A m etho d of intro duci ng
CMR in such system s is to substi tute the Mn sites wi th foreign cati ons. In such a
wa y the col lapse of the charge and orbi ta l orderi ng of the Mn 3 + and Mn ions can
be contro l led. One parti cular exam ple of interest is Pr : Ca : Mn x M x O , where
M = Ga, Cr, R u, Al [3]. It wa s observed for Ga doping tha t for of 0.03 the
m agneti zati on and resisti vi ty curves at low tem peratures show a series of j um ps
as a functi on of appl ied Ùeld [4] and the e˜ect is found to be sensiti ve to therm al
cycl ing [5]. In addi ti on, the temperature of the OO / CO tra nsiti on is smal ler tha n
tha t of Pr : Ca : MnO ( = 250 K). The inv erse susceptibi l i ty curves ex-
hi bi t two hystereti c regim es. One of them corresp onds to the tem perature region

K and is connected to a structura l tra nsform ati on from the distorted
OO/ CO phase to the less distorted ferromagneti c phase. The other regim e, whi ch
corresponds to the tem perature region K, reÛects the structura l
tra nsiti on associated to OO/ CO [5].

In order to shed som e l ight on the m icroscopic nature of the magneti c Ùeld
induced tra nsiti ons an NMR study has been underta ken in the present wo rk. Poly-
crysta l l ine sam ples of Pr : Ca : Mn x Gax O and 0.03) were measured
usi ng the spi n-echo spectro meter [6] at 3 K. NMR spectroscopy probes the m i-
cro scopic properti es thro ugh m easurements of the hyp erÙne Ùelds and nucl ear
relaxa ti on ti m es. From these quanti ti es, inf orm ati on on the ioni c and m agneti c
state of the ato m and i ts near neighb orhood can be deri ved. From the resonant
condi ti on: , where is the resonant frequency, the e˜ecti ve Ùeld at
the nucl eus, , is obta ined. In the magneti cal ly ordered state, thi s Ùeld is mostl y
of hyp erÙne origin and is usual ly term ed the hyp erÙne Ùeld (HFF). Nucl ear relax-
ati on param eters incl ude the spin{ latti ce, , and spi n{ spin, , relaxati on ti m es,
whi ch are usual ly determ ined by carryi ng out the recovery ti m e and the spin echo
versus pul se spaci ng measurements, respect ivel y.

The Mn NMR spectra of Pr : Ca : MnO and Pr : Ca : Mn : Ga : O
sam ples are presented in Fi g. 1. It shows tha t the absolute intensi ty of the NMR
signal of the Ga doped sampl e is four orders of magni tude greater tha n tha t of the
undo ped sam ple. The Ga doped sam ple exhi bi ts a sing le l ine centered at 375 MHz,
wi th corresp ondi ng hyp erÙne Ùeld of 35.5 T. As the l ine has a simi lar positi on to
tha t in m etal l ic m angani tes i t reveals the existence of a doubl e exchange (D E) con-
tro l led state in the compound. Thi s corresp onds to ferromagneti c m etal l ic (FMM)
cl usters and an avera ged Mn ioni c state due to the D E dri ven electro n (ho le)
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hoppi ng wi thi n them [7]. The Ga doped sam ple also exhi bi ts a weak Mn 3 + signal
tha t extends f rom 400 to 550 MHz and presents a broad range of hyp erÙne Ùelds
tha t m ay be due to the ani sotro py of the hyp erÙne Ùeld of the Mn 3 + ion [8]. The
m anganese NMR signal of Pr : Ca : MnO shows very weak signals at 251 MHz
and 293 MHz due to Mn ions in anti ferrom agneti c and f erromagneti c regions
(f errom agneti c zig-zag chains anti ferromagneti call y coupled), respectivel y.

The spectra of Pr : Ca : Mn : Ga : O obta ined for large pul se separati on
show a m ini mum at the center of the resonant l ine, whi ch is due to a vari ati on
of relaxati on ti me, , across the resonant l ine. A plot of versus frequency,
Fi g. 2 ( ), shows tha t i t di ˜ers by a facto r of two between the wi ngs and the center
of the resonance l ine and reaches i ts lowest v alue of 110 s at the line center.
Such an e˜ect is caused by the exchange of vi rtua l magnons between nucl ear spins
due to the Suhl { Nakamura (SN) intera cti on [7, 9]. As the centra l part of the
resonance l ine corresponds to m anganese ato ms inside the DE clusters, i t m eans
tha t the m agneti c state of m anganese neighbors is identi cal to tha t of the probe
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ato m allowing f or an e˜ecti ve exchange of vi rtua l magnons between nucl ear spi ns.
The presence of a mini mum of T 2 at the l ine center m eans tha t the size of the
interi or of DE clusters is comparable or larger tha n the e˜ecti ve range of the
Suhl { Nakamura intera cti on. The radius of the e˜ecti ve SN intera cti on is deÙned
as b = a ( B ex c h= B ani s) 1= 2 [10], where , , and are the exchange Ùeld, the
m agneti c inducti on of the ani sotro py Ùeld, and the Mn{ Mn distance (of 3.8 ¡A),
respect ively. Fol lowi ng previ ous works in determ ining the radius of SN intera cti on
[11], one obta ins the value of of 4 nm and thi s al lows us to concl ude tha t the D E
cl usters in the compound studi ed are of the size of 4 nm or larger.

Fi eld dependent m easurements of the D E l ine in Pr : Ca : Mn : Ga : O ,
Fi g. 3, show tha t the line shifts to lower frequenci es wi th increasing Ùeld and the
m agni tude of the slope is close to the gyro m agneti c rati o of Mn. A negati ve slope
is due to the fact tha t the manganese hyp erÙne Ùeld is of the Ferm i conta ct ori gin
and is anti para l lel to the Mn m agneti c m oment (and to the appl ied Ùeld). Fi gure 4
is a pl ot of the Ùeld dependence of the intensi ty of the DE l ine correcte d f or the en-
hancement f actor and nucl ear spin{ spin relaxati on, combined wi th m agneti zati on
curves. The plot shows tha t the \ vi rg in" curve (denoted by ) reveals an increase
in intensi ty wi th increasing Ùeld. As the Ùeld wa s ra ised from 2 T to 3 T, the inten-
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sity of the spin echo had j um ped by an order of m agni tude. Thi s is simi lar to the
step- l ike f eature observed in magneti zati on m easurements (È ), at 2.5 K [5], whi ch
is attri buted to a martensi ti c-l ike tra nsiti on as di scussed extensi vel y in R ef. [12].
The jum p in the absolute intensi ty of the D E NMR l ine reveals an increase in the
am ount of the m etal l ic ferrom agneti c phase in the com pound. The magneti c Ùeld
wa s then ra ised up to 6 T, then lowered to 1 T and Ùnal ly to 0 T. The intensi ty
of the D E l ine at 1 T (m agneti zed at 6 T) and in the rem anent state, is an order
of m agni tude larger tha n tha t at 1 T and 0 T on the vi rg in curve, respectively.
Thi s impl ies tha t the ferromagneti c m etal l ic pha se in the m agneti zed state has an
order of m agni tude larger content tha n tha t in the demagneti zed (\ vi rg in" ) sta te.

One should note tha t thi s feature is sim ilar to tha t observed in the previ ous
NMR study of the m agneti c state of Pr0 : Ca : MnO [8]. At the \ vi rgin" state,
the Pr : Ca : MnO sam ple is an anti ferrom agneti c insulato r [13] wi th a Mn
signal and tra ces of Mn and D E resonances, Fi g. 5. Appl yi ng a Ùeld up to 5 T
gives rise to an increased popul ati on of Mn ions in the D E contro l led regions ([ 13]
and Fi g. 2 therei n). W hen the Ùeld is increased to 7 T the spectrum col lapses to
a D E l ine, whi ch corresponds to a Ùeld-induced insul ato r- to -m etal tra nsiti on. The
D E l ine rem ains after decreasing the Ùeld to zero and the Ùeld dependence of the
resonant frequency corresp onds to a ful l gyro magneti c rati o of Mn, as in the
other m etal l ic ferrom agneti c m anganites.

The spi n{ spin rel axati on ti me at the center of the Mn resonance l ine of
Pr : Ca : Mn : Ga : O at rem anence is 78 s, Fi g . 2 (represented by ), whi ch
is smal ler tha n tha t for the \ vi rg in" state. The value of at the wi ngs is almost
twi ce tha t of the minimum , whi ch is sim i lar to tha t in the \ vi rg in" state and shows
tha t the size of D E regions is comparable or larger tha n the e˜ecti ve radius of the
Suhl { Nakamura intera cti on; tha t is, at least 4 nm , simi larl y to tha t in the \ vi rg in"
state. A smal ler absolute value of in the m agneti zed state can be related to a
possible inÛuence of magneti c Ûuctua ti on from the adj acent D E regions due to
thei r m uch closer distances in the rem anent state.
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Fig. 6. Low frequency part of the N MR spectrum corresp onding to Ga resonances.

Dotted lines corresp ond to the Ùtted Gaussian lines for 6 9 Ga and 7 1 Ga isotop es (see

text). Solid line is the sum of 69 Ga and 71 Ga lines.

Fi gure 6 shows the low frequency part of the NMR spectrum whi ch is identi -
Ùed as ori ginati ng from gal l ium . It corresponds to two gal l ium isoto pes, 6 9 Ga and
7 1 Ga wi th gyro magneti c rati os (and natura l abunda nces) of 10.21 MHz/ T (60.4%)
and 12.98 MHz/ T (39.6%), respectively. Fi tti ng wi th two Gaussian l ines, wi th the
intensi ty rati o corresp ondi ng to the rati o of natura l abunda nces and the rati o of
centra l frequenci es and l ine wi dths correspondi ng to the relati ve gyro m agneti c ra-
ti o, pro vi des a value of gal l ium 's hyp erÙne Ùeld, whi ch is 5.3 T. Ga3 + ions, whi ch
occupy B (Mn) sites do not carry a magneti c m oment and theref ore thi s v alue can
be regarded as a tra nsferred hyp erÙne Ùeld from m agneti c manganese neighbors.

3. Co n clusion s

NMR study of the m anganese perovski tes, Pr 0 :5 Ca0 : Mn x Gax O pro vi ded
the fol lowing inf orm atio n:

Ga doping induces ferromagneti c m etal l ic regions,

The am ount of FMM phase in Pr : Ca : Mn : Ga : O , reveals an increase
wi th the appl ied magneti c Ùeld wi th a step- l ike behavi or whi ch mim ics the
bul k magneti zati on curve,

The am ount of the FMM phase is an order of magnitude larger in the rem a-
nent state tha n in the \ vi rg in" state,

Pro m oti on of the FMM phase by the appl ied Ùeld is sim i lar to tha t in
Pr : Ca : MnO where a magneti c Ùeld induced insul ato r- to -m etal tra nsi-
ti on was observed,

A Suhl { Nakamura e˜ect in the spin{ spin relaxati on ti me is observed for
the Mn resonance l ine at both the dem agneti zed and rem anent state and
reveals tha t the size of FMM regions is at least 4 nm ,

A tra nsferred HFF f rom Mn m agneti c neighbors of 5.3 T is present at Ga
nucl ei and can serve as an estim ate f or the tra nsferred HFF at the Mn site.
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