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Ni-chain gap excitations in(Nd,Y,_,),BaNiOs:
One-dimensional to three-dimensional crossover
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Linear-chain mixed-spin antiferromagnétéd,Y ; ,) ,BaNiOs were investigated by powder inelastic neu-
tron scattering fox=0.25, 0.5, anck=0.75. Long-range magnetic ordering was observed in all samples. The
temperature dependence of the Ni-chain spin-gap modes was measured and compared to previous results for
the x=0 andx=1 materials. In the magnetically disordered phase the spin dynamics was shown to have a
composition-independent character. The results suggest that one-dimensional gap excitations seen in the para-
magnetic and Nel phases of NgBaNiOg are inherently related to Haldane spin excitations in the quantum-
disordered system 38aNiOs. [S0163-182607)10617-9

[. INTRODUCTION new opportunities for investigating the interplay between 3D
and 1D behavior. Substituting part of the rare-earth ions by

Foras=1 on.e-d|men5|ona{1D) Helsgnperg ant|ferro-. nonmagnetic ¥* should allow us to observe, step by step,
magnet(HAF) a singlet ground state and finite energy gap in, ;. the 3D to 1D crossover occurs. As a realization of this

the spin-excitation spectrum were predicted nearly two deznnrgach, we present herein our inelastic neutron-scattering
cades ago by Haldarl€. Since then the interest in the ,agyits on(Nd, Y ;) ,BaNiOs for x= 0.25. 0.5, and 0.75.

Haldane-gap problem has not shown any signs of declingye compare the new data to those previously obtained for
The theoretical, numerical, and experimental work of manyy ,BaNiO; (x=0) and Nd,BaNiOs (x=1).

authors led to a pretty good understanding of the ground
state and’ =0 excitations in quasi-1D integer-spin HAF sys-
tems. A comprehensive list of references may be found in Il. EXPERIMENTAL PROCEDURES

several recr_ant public_ations, as for example, in Refs. 3-7. (Nd,Y ;) ,BaNiOs samples were prepared by solid-
M!JCh attention was given to the study of crossover frpm 1Dstate reaction method. Three samples, roughly 15 mg each,
(singlet ground state and Haldane-gap modes3D (Neel  ere fapricated withx=0.25, 0.5, and 0.75. The samples
ground state and conventional spin-wave modeshavior. \yere characterized by conventional x-ray powder diffraction.
From this point of view, CsNiCJ (Refs. 8-10and isostruc-  |n each case the diffraction pattern was found to be that of a
tural compounds such as RbNiCH were studied with single-phase compound and totally consistent with a
greatest scrutiny. Y,BaNiOs-type orthorhombic structure (space group
Another family of quasi-1DS=1 antiferromagnets that |mmm) with no ordering of Y and Nd on the sites. The
seem to be promising model systems for the study of the 1Defined lattice parameters for our samples are listed in Table
to 3D crossover is that of linear-chain nickelates with thel along with those found in literature for dBaNiO5; and
general formuld_,BaNiOg, whereL is one of the rare-earth Nd,BaNiOs.
elements or Y(see reference list in Ref. 12Y ,BaNiO5; was Neutron-scattering experiments were performed on the
probably the first metal oxide material, for which a singletH8, H4M, and H7 triple-axis spectrometer installed at High
ground state and spin gap were observed and interpretéﬂUX Beam Reactor at Brookhaven National Laboratory. For
within the framework of the Haldane conjectdrel’® Al
theL+Y species feature magnetic rare-earth ions positioned TABLE |. Lattice parameters and e temperatures in
in between the Ni chains. The coupling of these moments téNdxY 1-x) ,BaNiOs.
the Ni subsystem results in 3D Bleordering with transition

temperatures ranging between 24 and 8622 Recent Nd conten ah  bA c® T (K)
inelastic neutron scattering studies of ,BaNiOs (Refs. ga 3.76 5.76 11.33

22,23 and Nd,BaNiO;s (Refs. 24 have shown that 1D gap (.25 3.780 5.810 11.412 ik}
excitations associated with the Ni chain§ exist in these mag 5 3.794 5.844 11.484 29(%5)
terials as well, both above and below theeNeemperature, 75 3.832 5926 11.652 ans)
and are strikingly similar to Haldane-gap modes inq gb 3.832 5.910 11.652 48

Y ,BaNiOs
One unigue advantage of linear-chain nickelates com2#Sakaguchgt al. (Ref. 17).
pared to most other quasi-1®=1 systems is that they open ®Zheludevet al. (Ref. 19
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all three(Nd,Y ;_,) ,.BaNiOs samples we tried to reproduce
the same experimental conditions of previous measurements (Nd.Y, ),BaNiO
on Nd,BaNiOs.?* Neutron beams of fixed final energies :
E;{=14.7 meV orE;=30.5 meV were used with a pyrolitic 404 -
graphite (PG filter positioned after the sample. P®02

reflections were employed in both monochromator and ana-

lyzer. At all times the collimation setup was 4040 304
—40' —80'. The sample temperature was controlled in the
range 3.5-300 K with the precision of at least 0.5 K by .
standard or two-stage closed-cycle refrigerators. 204 NI .

Ty (K)
—
M (1)

Ill. RESULTS
10+
A. Magnetic phase transition and spin structure

In all three (Nd,Y ;_,),BaNiO5; samples a magnetic (a)
phase transition was observed at finite temperatures by 0000 T ons | oso | oos 108
means of neutron powder diffraction. The measurements ' ' ' ' ’
were performed in the triple-axis mode to improve the X
signal-to-noise ratio in our data. The low-temperature phase
in all three compounds is characterized by magnetic Bragg
reflections of the typeri+1/2, k, n+1/2) with m, k, n:
integer,m+n+k: even. The Nel temperatures were deter-
mined by measuring thd dependence of the (0.5, 1,
—0.5) magnetic peak and are listed in Table | along with that
for Nd,BaNiOs (x=1).1° The Neel temperaturdy, is plot-
ted against Nd concentrationin Fig. 1(a) (solid circles. >

We were not able to collect sufficient magnetic diffraction =
data to do a complete refinement of the spin structure in our =
samples. Nevertheless, having assumed that in all the com-
pounds studied the magnetic order is the same as in
Nd,BaNiOs,'*?* we could separately determine the magne-
tizations of Ni and Nd sublattices. This was achieved by
analyzing the intensities of only three magnetic reflections,
(0.5, 1,-0.5), (05, 1, 1.5), and (0.5, 0, 2.5), that were
measured at several temperatures in each sample and normal-
ized by the intensities of nuclear Bragg peaks. The (0.5, 1,
1.5) and (0.5, 0, 2.5) peaks overlap and were therefore FIG. 1. (a) Neel temperature versus Nd concentratioas mea-
treated as a single reflection. In the analysis we have utilizedured in(Nd,Y ;_,) ,BaNiOs (solid circles. Estimated saturation
the Ni?* and N ™ magnetic form factors from Ref. 25. For moments for the Ni* (open circles and Nd* (open triangles
thex=0.5 andx=0.75 samples the results are visualized inions. The lines are guides to the eyk) Temperature dependence
Fig. 1(b). In thex=0.25 sample the magnetic peaks were tooof magnetic moments on Rii (open circles and N&#* (open tri-
weak to be quantitative|y ana|yzed_ The observed Ndangles in (NdXY 1,)() zBaNiOS. For the Nd moment the solid lines
sublattice magnetization is well described by the mean-fieldepresent fits resulting frqm a mean-fie!d treatment. as described in
model developed in Ref. 21 for Nd in Nd,BaNiOs and is Ref. 21. In the case_of Ni the dashed lines are guides for the eye.
rather universal for all the compositions studidelg. 1(b), ~ 'ne data for NgBaNiOs are taken from Ref. 19.
solid lineg. In contrast, the approach to saturation for the
Ni2* moments becomes visibly more gradual as the Nd con
centration is reduced. Open symbols in Figa)lshow the

the characteristic saw-tooth shape with maxima around
Qm=1{[(2n+1)/2]a*},**?*and can be written as

concentration dependence of the extrapolaied Q) satura- £(Q)
tion moments for Ni and Nd ifiNd,Y 1 _,) ,BaNiOs. spow(Q)%T E [1+(Q,,/Q)?]. (0]
m:[Qml<Q
B. Magnetic gap excitations Here f(Q) is the magnetic form factor for Ni". The peak

For (Nd,Y ;_,) ,BaNiOs we performed essentially the shapes in constai-inelastic scans are given 8y
same type of inelastic measurements as were previously done

for Nd,BaNiOs.?* The powder-averaged cross section F(w)x 1 )
Spod Q, @) for gap excitations with a Haldane-like 1D dy- V(hw)2—A?

namic structure factor was derived in Ref. 24 and herein we

adopt the notation introduced in that paper. Conveniently, Both above and below the Metemperatures consta-
Spo(Q.@) can be written as a product oQ- and scans aQ=0.6%* reveal the presence of a gap excitation
w-dependent parsS,,(Q,®)~SyW(Q)F(w). S;o{Q) has  around 10 meV in all threéNd,Y ; _,) ,BaNiOs compounds
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FIG. 3. (@ Temperature dependence of the spin gap in

FIG. 2. Typical inelastic consta@ scans measured in (Ng Y, ),BaNiOs. The data fox=0 andx=1 are from Refs.
(NdosY 0.5 2BaNiOs above and below the e temperatur€Ty 17 and 24, respectivelyb) Temperature dependence of the energy-
=29.5 K. The solid lines represent fits described in the text. integrated intensity in the gap modes(Md,Y ;_,) ,BaNiOs. The

x=1 data are from Ref. 26.

studied. Some typical raw data for thxe=0.5 sample are
shown in Fig. 2. As in the case of NBaNiOg,?* an intense  elastic experiments. IiNd,Y ;_,) ,BaNiOs (x#0) a de-
inelastic peak at w~16 meV associated with a crystal-field crease of inelastic intensity is observed on cooling through
transition in Nd and kinematic constraints forced us to limitTy, that is, at the same temperature the gap energy starts to
the inelastic scans to 14 meV energy transfer. The data weiiacrease.
analyzed using the fornt2), convoluted with a Gaussian To verify the 1D nature of the 10 meV gap modes
energy-resolution function. Refining the gap value, intensityconstante scans were performed fqiNdgsY o 5) ,BaNiOg
and intrinsic energy widtl' of the inelastic feature produces at T=20 K andT=232 K (above and belovl y=29.5) for
reasonably good fitéFig. 2, solid lineg. The gap energy for energy transfers of 12 and 10 meV, respectively. The results
(Nd,Y 1_,) ,BaNiOg (x=0.25, 0.5 andk=0.75) is plotted are shown in Fig. 4. The solid line represents a fit to our data
against temperature in Fig(e8. The same figure shows the with the expression fo8;,,(Q) derived in Ref. 24 for exci-
data forx=0 (Ref. 17 andx=1.2* At all compositions the tations polarized perpendicular to the chain direction and
gap energy decreases linearly on cooling ffom70 K and  convoluted with the longitudina® resolution of the spec-
starts to increase, also in a linear fashion, belgy trometer. An excellent fit is obtained by refining only the

Figure 3b) shows the temperature dependence of theoverall scaling factor and background levsblid lines in
energy-integrated intensity of the 10 meV peak as deduceHig. 4).
from the least-squares analysis described above. In this fig-
ure we also show some unpublished J8&NiOg data?® Un-
fortunately, no relevant data on ,BaNiOs is currently
available. Between samples of different composition the in- The most important result of this work is that BTy
elastic intensities were scaled by the intensities of (0,1,1}he Ni-chain spin gap\ is composition-independerifig.
powder lines measured with the same setup as used for i3a)]. In Y ,BaNiOs (Ref. 17 A increases slowly witil as

IV. DISCUSSION
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140 creasedinearly with decreasing in the ordered phase. Lin-
{(a) NdYBaNiO, ear behavior is what one expects from most general physical
120 considerations. Indeed, must be a function of the magnetic
1 T=20K < T, =29.5K order parameter alone, i. e., the only relevant thermodynamic
_ 1004 characteristic of the system in the ordered phase at thermal
§ 80: equilibrium. The first symmetry-permitted term in the
© power-series expansion df is proportional to the square of
2 60- the order parameter. The temperature dependence of the lat-
2 ter has been measured in N8ANiOg with very high accu-
& 40+ racy using resonant magnetic x-ray diffractfdrand shown
I to scale as Ty—T)?® near the transition point. This imme-
204 diately tells us that the change in the gap energy must be
0' linear with (T—Ty). The nontrivial experimental result is
0. that the gap shows this linear behavior in a very wide tem-
140 perature range. Only fotNdg ,s5Y .79 sBaNiOg a hint of
saturation inA(T) at T—O0 is observedFig. 3@)].
120- The temperature dependence of the energy-integrated in-
tensity of the gap excitations shows some composition-
100 independent trends as wdlFig. 3b)]. In all samples at
2 1 T> Ty this intensity decreases with increasihgnd appears
K 801 to follow a master curve. As previously observed in
% 60, Pr,BaNiOs, on cooling through the g point the intensity
2 ] goes down to roughly half its maximum value. For most
= 401 samples the progressive increase in the gap energy prevents
us from performing the measurementsiat:0. However, in
20 the case ofNdg ,5Y ¢ 75 ,BaNiOs it is clear that the inten-
E=10 meV sity extrapolates to a finite value at low temperature. Al-
000 05 o 15 20 though in Ref. 22 we have proposed a handwaving explana-
’ ’ o | ' tion for the decrease of the spectral weight of the gap modes
Qla in the ordered phase, we are still lacking a quantitative

guantum-mechanical theory for the effect.

FIG. 4. Typical constanE scans measured in
(NdgsY o5 ,BaNiO; above and below the & temperatureTy
=29.5 K. The solid lines are fits to the data as described in the text. V. CONCLUSION
The temperature-dependent behavior of the 1D gap exci-
in other Haldane-gap systerfls’ The increase is substan- tations in (Nd,Y ;_,),BaNiOs was studied by inelastic
tially smaller than predicted by the nonlinearmodel?® In neutron-scattering experiments. The spin gap in the magneti-
the paramagnetic phase of &Nd,Y ;_,) ,BaNiOs species cally disordered phase was shown to be independent of Nd
studied A increases gradually witfT as well. Asx and, concentratiorx. A linear increase of the gap was observed
accordingly, the Nel temperature decrease, the gap inon cooling through the N temperature. The results suggest
(Nd,Y ;_,) ,BaNiOg coincides with that in the pure Y nick- that Ni-chain spin dynamics in these species is very similar
elate in an increasingly broad temperature range. It appeats that in the Haldane-gap compoundB&aNiOs. A consis-
that in the disordered phase there is virtually no differencdent finiteT theory for gap excitations in thode,BaNiOs
betweenL ,BaNiO; systems that do or do not have a mag-systems that undergo long-range magnetic ordering is yet to
netically ordered phase at low temperatures. This in turn mape developed.
suggest that gap modes in Nd-containing nickelates are of
the same nature as those iBBaNiOg, i.e., are Haldane-gap
excitations. We do note however, that even for the latter
system there still is some ongoing controversy on whether
the magnetic excitations are to be associated with a Haldane We would like to thank G. Shirane for his interest in this
ground state and the integrity of the spins invol¢&d. work and for helping us to establish fruitful scientific col-
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this work though, the minimum gap energgt T~Ty) is  ence, U.S. Department of Energy. The Aoyama-Gakuin
smaller than in th&=1 compound. We were, therefore, able group was partially supported by a Grant-in-Aid for Scien-
to observe the gap excitations in a much broader temperatutdic Research from the Ministry of Education, Science and
interval, as for example ifNd »5Y ¢ 79) ,BaNiOs where the  Culture Japan and The Science Research Fund of Japan Pri-
gap was seen even atr=0.2T. In all cases the gap in- vate School Promotion Foundation.
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