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Nuclear magnetic resonance study of insulator-metal transitions iPr,Ca)MnO 4
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An NMR study of polycrystalline RrsCa gMn;_,GaOs; (x=0 and 0.03 and Pg ¢Ca 3Mn0O; at 3 K is
presented. Zero-field spin-echo spectra of the Ga-doped compound consist of an ovefiapf@agsignal at
74 MHz (hyperfine field of 5.3 Tand a>®Mn double-exchangéDE) line at 375 MHz(35.5 T). Measurements
in an applied field show a steplike increase in the DE line intensity, which corresponds to an increase of the
amount of the ferromagnetic metallic phase. This coincides with a steplike feature in the bulk magnetization
measurements. The effect is similar to that in the previous field-deperitdnt NMR measurements of
Pry 6C8 3dMN0O;. The insulator - metal transition for $4Ca 3dMNO3, at ambient pressure, occurs at fields
greater than 5 T; however, at 1.1 GPa, the DE line corresponding to the ferromagnetic metallic phase is already
present at zero field.
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INTRODUCTION The Pp sCaygMn;,Ga O3 (x=0 and 0.03 were prepared
The perovskite manganites of general formulaby solid-state reaction in the CRISMAT Laboratory in Caen,

Ln;_.CaMnO;(Ln=lanthanidg are of great interest due to as described in Ref. 9. The fCa 3MnO; sample was
their large colossal magnetoresistance, charge and orbital didbricated by the same method in Universidad de Zaragoza-
dering, phase separation, ét€The ferromagnetic metallic CSIC.
state in the manganite is explained by the double-exchange >*Mn NMR studies were carried out in order to shed some
(DE) model® where there is fast hopping of the electron light on the microscopic nature of the magnetic-field transi-
(holes between adjacent Mfiand Mrf* cations. One of the tions in Pp sCay sMng 9:Ga 003 and Pps/Cay3MN0s, as
most interesting features in perovskite manganites is thevell as pressure-induced transitions iny R€a, 3MNnOs.
competing interactions/orders: superexchange antiferromagdMR spectroscopy probes the microscopic properties
netism against DE ferromagnetism, orbital and charge ordefirough measurements of the hyperfine fields and nuclear
against metallic state. An external influence, such as a magg|axation times. From the resonant condition=2mv
netic field or applied pressure, for example, can change theit g | wherev is the resonant frequency, and the effective
electrical transport p_ropertleée_.g., from an msula_tor 10 field at the nucleusB,, is obtained. Previou&Mn NMR
meta) a_nd/or magnetic propertle(s.g., from the antiferro- 5 on manganites, includingPr, CaMn0,,12 reveal the
magnetic to ferromagnetic state . positions of the ferromagnetic insulatif@MI) Mn** and
bar?é%vﬁ%sﬁ/lng% :rz}?es biff?Cir?Ec)gragﬂsrtl??{ mri]slcgrﬁ(r:?ethgrleo%er)}wn% lines lying in the region of 300330 MHz and 400-550
g ’ MHz, respectively>16 In ferromagnetic metalligFMM)

stable charge- and orbital-ordered charge-exchai@®- i .
type (moments that are parallel within the plane and antiparManganites, fast hopping of the electrigrle) between ad-

allel between the plangsantiferromagnets(AF) at low Jacent manganese cations gives rise to a (iglf?le—exchange
temperatur&® These compounds exhibit insulator-to-metal (OE) line, which lies around 370-390 MHZ2:%%"As the
transitions at applied fields of 6 and 20 T, fer0.35 and re€sonance lines are very broad, frequency swept spin-echo
0.5, respectively:8 It was observed from magnetization and NMR is applied.

resistivity curves that fox=0.5, doping the Mn sites with ~ The organization of this paper is as follows. The experi-
nonmagnetic cations like Ga or Sn by a few percent, leads teental section on NMR *“magnetometry” of Ga-doped

a series of metamagnetic jumps as a function of applied fieldP1p Ca gMNO; and the discussion of results are presented
and the effect is sensitive to thermal cyclihgn undoped immediately below. They are followed by the analysis of
Mn compounds, insulator-metéiM) transitions can also be the NMR study of PygCa 3dMNO; at ambient pressure
induced by applying pressures of 0.5 and 0.8 GPa,xfor and at 1.1 GPa, and a brief summary on the results is
=0.3 and 0.5, respectivety:1 given at the end.
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FIG. 1. Zerofield NMR and field-dependence spectra ofgn order of magnitude. This is similar to the steplike feature
Pro sC sMno o7G 005, at 3 K. The spectra at different fields are gpserved in magnetization measuremefgsay crossesat
normalized to unity. 2.5 K, which is attributed to a martensiticlike transition as

discussed extensivelyThe jump in the absolute intensity of

EXPERIMENTAL AND RESULTS the DE NMR line reveals an increase of the amount of the
Magnetic-field-induced transitions metalllc ferromagnetlc phase in the compound. The magnetic
in ProCag Mn,_,Ga,05 (x=0 and 0.03) field was then raised up to 6 T, then lowered to 1 T, and

finally to O T. The intensity of the DE line at 1 (agnetized

at 6 T) and in the remanent state, is an order of magnitude
) , larger than that at 1 and O T on the virgin curve, respectively.
were measured using an automated spin-echo spectrdfnetef;g implies that the ferromagnetic metallic phase in the

at 3 K. The®Mn NMR spectra are presented in Fig. 1. In the magnetized state has an order of magnitude larger content
demagnetized state, the Ga-doped sample exhibits a singlgan that in the demagnetizetiirgin”) state. It is worth

line centered at 375 MHz, with a correspondln%smagnltudq]oting that the NMR intensity in the remanent state departs
of hyperfine field (HFF) of 35.5 T (y/2m for ®Mn is  fom the bulk magnetization. This may be understood if we
10.55 MHz/T). As the line has a similar position to that in e5ize that two regions with antiparallel magnetization add

metallic manganites it reveals the'existence of a DE €ONj, the NMR signal, at zero field, whereas they cancel in the
trolled state in the compound. This corresponds to FMMmagnetization.

clusters and an averaged Mn ionic state due to the DE driven Figure 3 shows the low-frequency part of the NMR spec-
electron (hole) hopping within thent® The undoped m "which is identified as originating from gallium. It cor-
Pro sC& sMnO; sample does not show any measurable signalesponds to two gallium isotope¥Ga and’ Ga with gyro-

in the 310-450 MHz range. _magnetic ratios(and natural abundandesf 10.2 MHz/T

Field-dependent measurements of the DE line ingo 404 and 12.9 MHz/T(39.6%), respectively. Fitting with
Pro.sCa.eMNo 015,005, Fig. 1 and later in Fig. ®) show o Gaussian lines, with the intensity ratio corresponding to

that the line shifts to lower frequencies with increasing fieldine ratio of natural abundances and the ratio of central fre-

and the magnitude of the slope is very close to the gyromaggencies and linewidths corresponding to the relative gyro-
netic ratio of>>Mn. A negative slope is due to the fact that

Polycrystalline samples of pP#CasMn;,GaO; (x=0
and 0.03, the same as those studied previously in Ref. 6

the manganese hyperfine field is predominantly of Fermi- 10

contact origin and is antiparallel to the Mn magnetic moment e

and to the applied field. 8% 0.8;
Figure 2 is a plot of the field dependence of the intensity E> L6l

of the DE line(denoted by filled squarggorrected for the 8"‘%

NMR enhancement and nuclear spin-spin relaxation, com- §‘5 0.4+

bined with magnetization curves. The correction for the T2 ool

NMR enhancement is done relatively to the 1-T spectrum. Eg

Each spectrum is multiplied by the ratio of pulse length cor- 2= oo

responding to the first echo maximum at this field and at 1 T. 40 60 80 100 120 140
Moderate changes of the NMR enhancement with the ap-
plied field show a lack of typical domain-wall enhancement
which indicates that the FMM regions are possibly single FIG. 3. Low-frequency part of the NMR spectrum correspond-
domainlike. The plot shows that the “virgin” curve reveals aning to Ga resonances. The dotted lines correspond to the fitted
increase in intensity with increasing field. As the field wasGaussian lines fof°Ga and’'Ga isotopegsee text The solid line
raised from 2 to 3 T the intensity of the spin echo jumped byis the sum of thé€°Ga and’’Ga lines.

Frequency [MHZz]
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FIG. 4. Field-dependence *®Mn NMR spectra of
Pry s Ca3MNO5 at 3 K and at ambient pressure. The spectra, at
different fields, are normalized.

magnetic ratio, provides a value of 5.3 T for the magnitude
of the HFF of Ga in Py<Ca, sMng o/Ga, 0f03. Ga* ions that
occupy B (Mn) sites do not carry a magnetic moment and
therefore this value can be regarded as a transféaauer-
transferred hyperfine field from magnetic manganese neigh-
bors. This value may seem large for a transferred field; how-
ever, previous™Mn NMR on LaNi;_Mg,)oMn, 03 by
Sonobeet all® have shown that a supertransferred hyperfine
field at Mrf** sites from N#* magnetic neighbors amounts to FIG. 5 (a Field-dependence®®n NMR spectra of

Frequency [MHz]

(b) Applied field [Tesla]

38T Pry 6Ca 3MN0O5 at 3 K and at 1.1 GPa. The spectra, at different
fields, are normalized(b) Resonant frequency of the DE line in
Magnetic field and pressure-induced transitions in P_rO-SC"’b-5Mn0-97Gaﬂ-03O3 and P5_,67Ca),35\lln_03 VS appl_led field,
Pr o 6:C80 3MNO 5 with fits to the data, as discussed in the main text. For

Pry 6Ca 33VINO5, the points represent ambient pressure magnetized

This section concerns the26Ca 3MNO3 sample, which  from 7 T(“x”), 1.1 GPafrom 4 to 7.5 T, and 7.5 to IT+"). (The
was the same sample studied in Ref. 20. As discussed earli@iack and gray arrows along the lines, for RCay 3gMnO; pres-
in the “virgin” state, the RygLCa 3dMNO; sample is an anti- surized to 1.1 GPa, indicate increasing and decreasing fields, re-
ferromagnetic insulator. Yoshizawet al?! showed that for spectively) “C1” denotes the Ga-doped sample magnetized from 6
Pry Ca aMnO;, at 5 K, there exists a step increase in mag-T.
netization at around 3 T and the sample magnetically satu-
rates at fields greater than or equal to 4 T. The spin-ech
spectrum of RygCa3dMn0O;, at ambient pressure and at
zero field, exhibits a Mt (313 MH2) signal as well as traces

opy antiferromagnets, such as the manganites studied, the
moments align perpendicular to the applied field because the
susceptibility’s perpendicular component is much larger than

. N the parallel component. Thus, the hyperfine field is perpen-
of overlapping DE(381 MH2 and Mr** (420-500 MHZ i jjar to the applied field, which is an order of magnitude

resonancesrig. 4 The FMI lines and the DE line persist at gajjer, and the effective field at the nucleus is almost un-
fields up to 5 T. Applying a field up to 5 T gives rise t0 an changed compared to the situation at zero field. When the

increased population of Mn ions in the DE controlled regionsfie|d is increased to 7 T the spectrum collapses to a DE line
compared to the MH and Mr** states in the insulating re- at 313 MHz, which corresponds to a field-induced

gions. Also, the rate of change of the frequency of the DEnsulator—to—metal transition. The DE line persists after
line with magnetic field is much less than expected from thejecreasing the field to zero and the field dependence of the
gyromagnetic ratio of°Mn. This suggests that the hyperfine resonant frequency corresponds to a full gyromagnetic ratio
field is nearly perpendicular to the applied field. The effectof >°Mn [denoted by %” in Fig. 5(b)], as in other ferromag-
can be understood if we assume a coupling of the Mn monetic metallic manganites.

ments in the FMI(and DB regions to the antiferromagnetic ~ The Pg /Ca 33Mn0O5; sample was pressurized to 1.1 GPa
insulating (AF1) matrix. For low magnetocrystalline aniso- in a Cu/Be pressure cell, at RT, with Co powder and’fi@o
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NMR frequency as the pressure sensor. Figye 5 a plot  as an estimate for the transferred hyperfine field at the Mn
of the NMR spectrum at fields from zero to 7.5 T. The spec-site.

tra consist of a single double-exchange line and applying For PgsCa 3Mn0O;, at ambient pressure, a very small
fields up to 4 T shifts the DE line by as much as 5 MHz/T,amount of DE controlled regions is observed at zero field.
as shown in Fig. &) (represented by+"). However, at 4 T, This amount increases slightly with increasing field and
the DE line is shifted to lower frequencies by 11.7 MHz/T. €ventually the FMM phase percolates at a field larger than 5
On decreasing the field from 7.5 to 3(T+”), the DE line T and persists in the remanent state. By comparing the NMR
shifts to higher frequencies by as much as 10.2 MHz/T SPectra of the demagnetizec,BC& ;MnO; at ambient and
which is close to the value expected from the gyromagnetid-1 GPa. it is clear that a considerable amount of the DE
ratio of 55Mn. It is plausible that 1.1 GPa is not enough to controlled phase is induced at 1.1 GPa. Magnetizing the

fully achieve the metallic state, as the intensity of the DESample up to 7.5 T, with the sample pressurized at 1.1 GPa,

S0 . . ..~ Increases this DE controlled phase by an order of magnitude.
line in the demagnetized state is an order of magnitude : ! . :

: S The results provide experimental evidence for the micro-
smaller than in the remanent state after magnetizing e, ,ic yatyre of the field-induced insulator-to-metal transi-
sample upto 7.5 T. P

To summarize, an NMR study of the manganese perovstlon in the charge-ordered manganites, which relies on the

kites, Pk <Cap Mn;_,Ga0s (x=0 and 0.03 provided the fol- :c?eﬁ(rjease of the amount of the FMM phase in the applied
lowing information: (a) Ga doping induces ferromagnetic '
metallic (FMM) regions;(b) the amount of FMM phase in

Pry sCa sMng o/Gay 005 reveals an increase with the applied
magnetic field with a steplike behavior which mimics the  The work forms part of the EU RTN SCOOTMO, Project
bulk magnetization curveg) the amount of the FMM phase No. HPRN-CT-2002-00293. Support from the Engineering
is an order of magnitude larger in the remanent state than iand Physical Sciences Research Council, UK and the State
the “virgin” state; andd) a transferred field from Mn mag- Committee for Scientific Research, Poland is gratefully
netic neighbors of 5.3 T is present at Ga nuclei and can servacknowledged.
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