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Nuclear-spin relaxation of *®Co correlated with the spin-state transitions in LaCoG;

Y. Kobayasht
Department of Applied Physics and Chemistry, The University of Electro-Communications, Chofu, Tokyo 182-8585, Japan

N. Fujiwara
Institute for Solid State Physics, University of Tokyo, Roppongi, Tokyo 106-8666, Japan

S. Murata and K. Asai
Department of Applied Physics and Chemistry, The University of Electro-Communications, Chofu, Tokyo 182-8585, Japan

H. Yasuoka
Institute for Solid State Physics, University of Tokyo, Roppongi, Tokyo 106-8666, Japan
(Received 18 November 1999

The®°Co-NMR on single crystals of LaCo(as been studied in order to investigate the spin-state transition
through the nuclear-spin relaxation in this compound. BelowB5 K, the spin-lattice and spin-spin relaxation
rates show a thermal-activation-type temperature dependence with an energy g&4poK. This value is
close to the energy difference between the low spin st8te() and the intermediate spin stat8=1)
predicted in the two-stage spin-state transition model with the intermediate spin state. The apparent spin-spin
relaxation rates depend on the resonance peaks split due to the nuclear-electric-quadrupole interaction, which
is explained by an indirect nuclear spin-spin interaction through the interacting paramagnetic electron spins.
This observation is consistent with the ferromagnetic short-range correlation among the electron spitis on Co
ions confirmed by neutron-scattering experiments.

I. INTRODUCTION have contrasting magnetic and electric properties; e.g.,
LaFeQ, is an antiferromagnetic insulator and LaNi®® a
Lanthanum cobalt oxide LaCaChas a rhombohedrally Pauli paramagnetic metal. Therefore, LaGa®suitable for
distorted perovskite structure. This material exhibits unusuas$tudying the relation between magnetic and electric proper-
magnetic properties.’ A vanishingly small susceptibility ties. In addition, we infer that the two-stage spin-state tran-
(y) at T=0 increases with increasing temperature in the low-Sition through the IS state is the unique feature of LagimO
temperature region, and shows a broad maximum around 10RC0Q; (R=rare-earth elemehseries’ However, this model
K. No antiferromagnetic long-range order is found by involving the IS state is still controversial. A direct spin-state
neutron-scattering experiment down to 4.2% Khough a transition model from LS to HS without the IS state also has
weak short-range ferromagnetic correlation is observedpeen proposef.
among the temperature-induced paramagnetic Co “%ons. In order to investigate the spin-state transition through the
Therefore, the G ions of LaCoQ are paramagnetic at any Mmicroscopic magnetic properties of €dons, we performed
temperature. Above~100K, y(T) roughly follows the  °%Co-NMR experiments on LaCosingle crystals. In par-
Curie-Weiss law. However, the §(T) curve has a plateau ticular, we concentrate on studying the nuclear-spin relax-
around 500 K and the slope is different between tempera@tion of **Co in order to investigate the excited magnetic
tures below and above 500 K, suggesting a change in thétate of Co ions. The NMR spectrum has a structure due to
magnetic moment of the Co ions around 50F Koh and the nuclear-electric-quadrupole(eqQ interaction in
co-workers have reported that théCo and **%La Knight LaCoQ,.° The resonance lines overlap mutually in the ob-
shifts measured below 300 K on polycrystalline samplesserved spectrum on polycrystalline samples. In order to study
have a similar temperature dependencex&8).® Around  the spin-lattice and spin-spin relaxation rat€§ ' and T *,
500 K, an insulator-to-metal transition is also observed. respectively quantitatively, it is necessary to measure the
Both around 100 and 500 K whepg(T) shows anomalies, relaxation rates at well-resolved resonance lines where rel-
LaCoQ, exhibits an anomalous lattice expansfoifhese evant magnetic sublevels are specified. For this purpose, a
facts suggest some magnetic-electronic transitions bothtudy using single crystals is indispensable. For comparison,
around 100 and 500 K. In order to explain these two transithe results on a Sr-doped samplegbibry 0sC00;, which
tions consistently, a two-stage spin-state transition model hagoes not exhibit the 100-K transition and where the Co ions
been proposed: The 100-K transition is the thermal excitaare thought to be magnetic down to the lowest
tion of Co ions from the low spin (LS=0) ground state to temperaturé;® are also presented.
the intermediate spin (IS=1) state, and the 500-K transi-
tion is a crossover from the IS state to a mixed state of IS and
high spin (HSS=2) state’> The spin-state transitions are
interesting since they are related to the mechanism of the
electrical transport. ldO5; with M (=Fe and Nj, which Single crystals of LaCo9 and Lg gsSIp0€C00; were
locate opposite neighbors across Co in the Periodic Tablgrown with a lamp-image floating zone furnace by melting

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE
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polycrystalline samples prepared by a solid-state reaction of
predried La0O;, CoO, and SrCQ® The single crystals were
confirmed to be of a single phase by x-ray powder diffraction
after being ground. In this paper, we use the crystallographic
indices based on the pseudocubic cell containing one chemi-
cal formula of LaCo@Q, since the rhombohedral distortion of
the crystal from the cubic structure is small and the crystals
have a twinned structure.

NMR measurements were performed using a coherent
pulsed spin-echo spectrometer. A magnetic field up to 120
kOe was applied using a superconducting magnet. The spin- L (B —————0~705
lattice relaxation rate$; ! were measured by the saturation 8+ i
recovery method using the comb pulse. The fai¢ was ' (H‘}/;‘f”')
determined by fitting the recovery curve of the third satellite 6F T
peaks (- 2— =+ 2) with the following theoretical relaxation
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wheret is the separation time between the comb and exciting 0 h JL
pulsesT, ! was determined by fitting the spin-echo intensity 0 ol 95 93 94 95
with the single exponential function of the time between the H (kOe)

first and second pulsgs). Between~30 and 300 K, free-

induction-decay(FID) spectra were taken for the Knight- g'G' 1-t g';eof';:a'zs"\‘l’v‘?g]t':M'Tszng”;r”;tiﬁg;g S'ggéz)cgeszﬂ
shift measurement. aCoQ; at 95. pu p us:

sured at 4.2 K foH|I[ 100] axis, (b) at 4.2 K forHI[111] axis, and
(c) at 18 K forHII[111] axis. The dotted lines show the calculated

IIl. EXPERIMENTAL RESULTS position of the resonance peal®ef. 10.

A. NMR spectrum and Knight shift o 1 . 1.3
_ _ _ ~peak (n=—31—+1), two first (m=+31—-=+3), two sec-
When the nuclear spins are in an axially symmetricong (m=+32—+3), and two third satellite peaksn(=
electric-field gradientEFG), the NMR spectrum splits into +5_,+1). As the three axes[[ll],[lTl],[llT]) equiva-
equally spaced resonance peaks due to the nuclear—electqg—m to [111] in cubic symmetry make an angié=70.5°

. - _ z -
quadrupole interaction. FGPCo (I =), the spectrum splits with the applied field, a set of the seven peaks with narrower

Into seven peaks. By flrst-ord_er perturbation, th_e mf_igm.tUd%plitting is observed as shown in Figbl Using the value
of the separatiow between adjacent resonance lines is given

by of vo=0.59 MHz and the angles @=0 and 70.5° fof111]

axis and other three axeq1(11],[111],[111]), respec-
v tively, the positions of the resonance peaks calculated from
v= 7|3 cos 61|, (2)  Eq.(2) agree with the observed ones. Some peaks could not
be assigned, which is possibly due to some mismatched crys-
where 6 is the angle between the directions of the externatalline grain in the sample. The fact that the observed split-
field and the axially symmetric principal axis of the EFG ting for HII[100Q] is larger than the egQ splitting calculated
tensor. In LaCo@ one of the(111) axes is the principal by diagonalizing the EFG Hamiltonian numericaflysee
axis. Itoh and co-workers have reported that the electridtig. 1(a)] also suggests the existence of a mismatched grain.
quadrupole frequencyg of LaCoQ; is 0.59 MHz at 4.2 K For the Sr-doped system §.g&SI,0£C00;, a broad but
Figure 1 shows the field-swept-NMR spectra at 95.0 MHz inunresolved resonance peak was observed as shown in Fig. 2.
the external fieldH) parallel to[100] and[111] axes of the The peak widths are remarkably different betwetii111]
pseudocubic perovskite structure. As shown in Fig),lal- andHI[100] and they are almost independent of tempera-
most a single resonance peak was observedHfrl00] ture. This observation suggests that the width of the peak is
axis, though some splittings remain. Rdfi[ 111] axis, the  mainly dominated by the eqQ interaction. The peak width is
resonance peaks are interpreted as a superposition of two set®re than three times larger than that for undoped LaCoO
of seven equally separated pedkse Fig. 1b)]: the central and no clear splitting is observed in the Sr-doped samples.
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posed by Itoh and co-workefs.
FIG. 2. The field-swept-NMR spectra 8fCo in single crystal

Lag 9551y 0=C00; at 86.4 MHz forH|I[ 100] and[111] axes measured B. The nuclear spin relaxation rates
(@) at 4.2 K and(b) at 22 K. ) . .
The relaxation rate3; = and T, - measured at the low-

These facts suggest that a large EFG is introduced by the $ield-side third satellite peaknf=+ 53— + ) of LaCoO; are
doping and the EFG is affected largely by the local configu-shown in Fig. 4 in the temperature range between 4.2 and 35
ration of Sr ions around the Co ions. In addition, it is ex-K as functions of the inverse of temperature. BE)Ttpl and
pected that some broadening of the resonance peak is al3g ! increase abruptly above20 K and exhibit a thermal-
introduced by the distributed magnetic interaction, since thectivation-type temperature dependence; |'I'(-§.,1 and T2—1

Co ions in L@ gsSI 0sC00; are magnetic and show spin- «exp(—A/T). This observation suggests that the electronic
glass freezing al =15 K. The broadening due to the mag- states in Co ions have a nonmagnetic ground state and para-
netic interaction is expected to depend only slightly on tem-magnetic excited state with a finite energy gap, and the re-
perature passing throudh since the magnetization at high |axation rates are dominated by the presence of the paramag-
fields (~80 kOg does not change appreciably below andnetic Co ions in the excited state. The magnitude of the gap
aboveTg (not shown, which is consistent with the almost energy is evaluated to ke~ 180 K from the slope of Ifi; %)
temperature-independent peak width as shoyvn in F_ig._2. and In(I';l) versus the inverse of temperature. Belo@0 K,

The temperature dependence of fil€o Knight shiftis  powever, the same analysis could not be applied due to im-
shown in Fig. 3, which was determined from the spin-echoy ity relaxation. The gap energy~ 180K evaluated in the
anq FID spectra beloyv and _abové%S K, respectlvely. The present experiment is close to that between the LS and the IS
anisotropy of the Knight shift was not detected within the gtates in the previous studies, where the gap energy is evalu-
present experimental precision. The present results are cogzeq by analyzing macroscopic quantities based on the two-
sistent with the previous data reported on a polycrystallingage spin-state transitions model with the IS state, such as
sample® The temperature dependence of the Knight shiftihe temperature dependence of the lattice expahsiod
mimics that ofy in LaCoQ;. However, a large temperature- gjastic modulus! and the pressure dependence of the
independent part is superimposed, which suggests a Signifliﬁagnetizatioﬁ.z This fact implies that botfr, * andT, * are
cant contribution to the Knight shift of the Van Vleck orbital proportional to the population of the IS state in the two-stage

spin-state transition mod@lTherefore, the results of the

6 Imhe‘tal' »' ' uc(‘)O sgc'oNMR present experiment demonstrate that the excitation of the
5L AT e £-050MHz | electronic spin-state from the LS state into the IS state domi-
g 4 ¢ ) nates the temperature dependence of ¥i@o-nuclear-spin
£ 4 e ] relaxation.
f: 3k m — 4 4 The relative intensity of the resonance peaks strongly de-
=) K pends on temperature as shown in Figé) nd Xc). This
2 2 ] fact suggests that each resonance peak has itquWni.e.,

" spin echo

—_
T
1

Tz‘l depends on the relevant magnetic sublevels of the tran-
‘ , sition denoted byn andm+ 1. The temperature dependence
200 300 of the relative intensity is interpreted as follows. The relative
intensity is affected little by the difference @, * at 4.2 K

FIG. 3. The temperature dependence of3f@o Knight shiftin ~ SINCET, at any resonance line is much longer than the dura-
LaCoQ, determined from the spin-echo spectrum below 35 K andtion 7 between the first and second pulses and the spin-echo
the free-induction-decag§FID) spectrum above 35 K. The data by signal decays only slightly during On the other hand, at 18
Itoh and co-workers in Ref. 6 is also shown for comparison. K where T, is comparable withr, the relative intensity
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25T(K) 20 18 significantly lower than the lower transition temperature

loszﬁ”T“”r"”l'”'1""1””1""1"" ~100 K. The present results of the NMR experiments are
- g ﬁ interpreted well in the two-stage spin-state transition r_node_,-l,
L ._‘._.}ggﬂg:_g . although the present experiment a_lone does not dls_tmgwsh
r TN 2 ] whether the magnetic ions responsible for the relaxations are
A 'Aﬁ‘ 1 in IS or HS states.
ot o | We next discuss the origin of the dependencd ot on
= F .3 the relevant magnetic sublevels. For antiferromagnetic insu-
- o 3rd satellite lators such as MnFm dependence of, ! due to the indi-
i A 2nd. satellite j rect nuclear spin-spin interaction through a spin-wave exci-
! i:;;:ﬁg;i ] tation has been investigated both theoreticaf} and
experimentally® In the theory, them dependence o'fz’l is
107 b bn o b b bonn o derived when the Hamiltonian involves the term
0.02 0.03 0.04 0.05 0.06

-1 -1
& Ho= =33 [Byj(1sl-+1i-112)]
FIG. 5. The spin-spin relaxation ratd@s,* measured for the -
center and three low-field-side satellite peaks versus inverse of th&hich arises from the on-site hyperfine interaction and the
temperature. The dotted lines show the least-squares fitting of thi@iteraction among the electron spins. Although Lag@Oa
data. paramagnet, the neutron-scattering experiment found a weak
short-range ferromagnetic correlation among the Co spins in
strongly reflects the difference @, * since the intensity of LaCoO;.** Magnetic interactions producing the correlation
the satellite with largefT, - decays more pronouncedly. In ¢an induce an indirect nuclear spin-spin interaction, leading
order to confirm them dependence off,* of %Co in to anm dependence of, ~. Assuming this mechanism, we
LaCoO, we measuredr; > on four resonance peaks: the discuss them dependence of, * in LaCoO;. We take the
central peak and the three low-field-side satellite peaks. A§'0del Hamiltonian of the nuclear and electron spin system
shown in Fig. 5, the temperature dependenc&.of on each &S
resonance peak is thermal activation type, with a common

energy gap of~180 K. However, the magnitudes % * at H=2 [JS-S+A(;-S+1;-9)], 3
a fixed temperature are different among the peaks. The ratio =
of T, ! at fixed temperatures are shown in Table I. whereJ and A denote the exchange interaction among the

electron spins and the hyperfine interaction between electron
and nuclear spins, respectively. By second-order perturba-
tion, the effective Hamiltonian for nuclear spins is described

In this section, we discuss the relaxation rafgs- and @S
T,%. BothT;* andT,* exhibit an activation-type tempera-
ture dependencgxexp(—A/T) with A~180K]. From this Her=—32 Bij(li+1j-+1i-1;)+ 3> Dijliliy,
fact, we infer that the population of Co ions in the IS state > =)
with S=1 assumed in the two-stage spin-state transitiorwhere
modef dominates the temperature dependence of the relax-
ation rates in the temperature region belex85 K, which is — B, :Azz (9]s

J n

IV. DISCUSSION

-[n)(n[S;+|0)
EO_En ,

TABLE I. For each resonance peak, the ratioTo;I’l to the
values of the third satellite peak, the calculated second moment in ip. =A22 <0|Siz|n><n|sjz|0>
units of B;;, and the ratio of the calculated second moment to its 2= n Eo—Ep, '
value of the third satellite.

Here,E, andE, denote the energy of the ground and excited

Transition The ratio of T, X to the  Calculated (Ratig ~ €lectronic states, respectively, and the coefficidjsand
(m—m+1) value on the third [12(A w?) Dj; involve the exchange interactiahthrough 1/€,— E,).
satellite peak in units of B;; From this formula, we calculate the second moment instead

of T, 1. The second moment is calculated using the method

center 1.8:0.1 \/@ 180 py Pryce and Stevens'8s
(=2—32 32
first satellite 1.7£0.1 467 1.69 h2(Aw?)=[8(2l +1)]—12 Bﬁ{2(| —m)2(1+m+1)2
(%"g) 32 I>]
second satellite 1.4+0.1 323 1.41 +(I+m)2(1—=m+1)2+(1-m-1)%(1 +m
(3—3 32
third satellite 1 163 1 +2)2+[8(21+1)]7 1 DA{3I(1+1)(2l
= B
(3-32) 32 '

+1)}. (4)



414 KOBAYASHI, FUJIWARA, MURATA, ASAI, AND YASUOKA PRB 62

If we neglect the second term of the right-hand side of Eqare T; '~8x107*s ™ and T, *~4Xx 10 °s™* for the third
(4), the transition dependence of the second montent satellite peaksri=3— 2). Finally, we obtain the magnitude
Tgl) is identical with the results of the theoretical calcula- of the exchange interaction,J to be ~1-10 K. In this
tion by Nakamura for antiferromagnéfs'® In the high-  estimation, them dependence of, ! is not taken into ac-
temperature limit, we may assume that the coeffici8ffs count, since the order of,* will be unchanged from the
and Di2j in Eq. (4) are equal® Under this assumption, the  fact that the coefficients oB;; are of the order of unity.
dependence of the second moment obtained from(&gs  La;_,Sr,CoO; samples, where the Co ions are in the IS state
shown in Table I. The experimental result agrees well withdown to the lowest temperature, have a spin-glass tempera-
the calculated one. Therefore, we infer that theture Tg of ~10 K for low Sr content(Tg=15K for x
59Co-nuclear-spin relaxation observed in the present experi=0.06, for example’ The magnitude of the exchange inter-
ment is a magnetic one and that the fluctuation of the elecaction among the Co spins estimated frdig is the same
tron spins on Co ions due to the short-range ferromagnetiorder as that obtained by tg * measurement in the present
interaction induces then dependence oTz’l. study. Although the accurate estimation of the magnitude of
Next, we roughly estimate the magnitude of the exchang¢he exchange interaction is difficult, the order estimation of
interactionJ among the electron spins from the measuredhe magnitude of] obtained by the discussion described
T, > andT,*. Moriya has calculated the nuclear-spin relax- above seems to be reasonable.
ation rates in magnetic systems using E8). as a model
Hamiltonian®® In the paramagnetic region at high tempera- V. CONCLUSION

tures, the rates due to electron-spin fluctuation for unsplit 1he59co-NMR study on LaCo@single crystals has been
line (absence of EFfSbecomes a constant and is given by carried out. BelowT~35K, the spin-lattice and spin-spin

A2 relaxation rates show a thermal activation type temperature
Tl—lsz—lz% (m13)S(S+1)—7=, (5) dependence with a gap energy ofl80 K, suggesting that
Yo J the population of the IS state dominates the temperature de-

when the hyperfine interaction is isotropic. We tentativelyPe€ndence of the relaxation rates. This supports the two-stage
use this formula for the estimation of the orderXbin the  SPin-state transition model with the IS state. The spin-spin
present experiment, thoudh * is more than ten times larger élaxation ratef, *, which depends on the relevant magnetic
thanTl’l at low temperatures. In LaCaQthe hyperfine con- suble\_/els, is explained by the |nd|_rect nuclear spin-spin in-
stantA is determined to be 56 kOgf from the analysis of teraction due to the f_erromagn_etlc short-range correlation
the Knight shifts versus susceptibiliyThe number of the amMong the electron spins on Toions.

nearest neighborg, of each Co ions is six. Assuming that
the IS state of Co spins contributes to the nuclear-spin relax-
ation, the magnitude dbis one. In the present experiment,  This work was supported by a Grant-in-Aid for Scientific
the rates extrapolated to the value at infinite temperatur®esearch from the Ministry of Education, Science, Sports
(1/T=0), where all the Co ions are in the IS or HS states,and Culture of Japan.
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