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Classical and quantum spin dynamics in the fcc antiferromagnet Nigwith frustration
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The unusual coexistence of two antiferromagnéE) long-range orderingd_RO) in single-crystal Ni$ is
investigated through measurements of inelastic neutron scattering, specific heat, uniform magnetic susceptibil-
ity, and resistivity. Neutron scattering intensity reveals a honeycomb pattern of the intensity distribution in
reciprocal lattice spaceontinuous-line structure along the Brillouin zone boundaiiieshe extended critical
temperature regionT(y;=39.3 K<T<150 K) providing direct evidence for nearly frustrated antiferromag-
netism on the face centered culiicc) lattice. The observed geometrical pattern of the critical scattering makes
it possible to determine the exchange coupling constants between the first, second, and third nearest neighbors,
which are found to be consistent with LBAJ band calculation. The system is found to be located very close
to the phase boundary between the type-l AF state \@ip=(1,0,0), and the type-ll AF state with
Qar=(1/2,1/2,1/2. Theoretical analysis based on the Onsager reaction field reproduces the various features in
experiments at a semiquantitative level. The type-1 AF order appears the highelsteNgeratureT
=39.3 K, while atTy,=30.6 K, the type-l and type-Il AF LRO coexist via a first-order phase transition
accompanied by a small but finite lattice distortion. This coexistence is explained in terms of coupling between
the spin and lattice in the nearly degenerate case, although the type-I and type-Il AF LRO become mutually
incompatible in the fcc symmetry at higher temperatures. The AF LRO and lattice distortion lift the degeneracy
and the accumulation of spectral weight at low energy, recovering the quantum (srevave excitation
of the spin fluctuation.
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. INTRODUCTION NiS, in terms of elastic and inelastic neutron scattering, as
well as specific heat and resistivity measurements. The re-
Nearest-neighbor antiferromagnetiaF) interaction act-  sults were expected to provide detailed information on the
ing on a spin loop that includes an odd number of spins giveguantum/classical dynamics of the spin system in both mo-
rise to an inherent geometrical frustration effect in magnetianentum and energy space, and to shed light on the effects of
systems. This frustration causes high degeneracy of grourfgustration.
states, resulting in a range of intriguing phenomena that have Previous investigations have revealed a number of frus-
attracted intense interest for many yeh@ne of the central trated systemskagomelattice$ in two-dimensional(2D)
issues in the physics of geometrically frustrated magnets isystems and pyrochlorés! and spinel latticés’ in three-
the possible quantum spin liquid state, in which many spirdimensional3D) systems. Degeneracy of different magnetic
configurations become degenerate due to frustration, suptates leads to unusual thermodynamic properties and lattice
pressing magnetic long range orderiidRO) down to the distortion:®1?The face-centered cubifcc) lattice of inter-
lowest temperature. It is thought that this degeneracy may best in the present study is the simplest structure of the known
lifted by quantum fluctuation, giving rise to a quantum liquid frustrated 3D systems containing tetrahedra spin loop. The
state without any breaking of symmetry. Studies of the mo+ourier transformation of the exchange interactitfQ) (as
mentum and energy dependence of the spin fluctuation spedescribed later in the texfor antiferromagnetism on the fcc
trum are indispensable for examining this phenomenon, antttice in terms of solely nearest-neighbor interaction has a
can be best achieved through neutron scattering experimentsaximum along a one-dimensional line in momentum space,
However, very few such studies have been conductedsuch aQ=(=m,Q,,0). In this respect, antiferromagnetism
largely due to limitations in the production of sufficiently on the fcc lattice has a common feature with antiferromag-
large single crystals for analysis. In the present study, th@etism in 2D systems, and as such can be expected to exhibit
authors conducted a detailed and comprehensive analysis sfippressed AF LRO down to low temperatures and an ex-
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charge transfer between thel ®and of the transition metal
and the 2 band of the ligand atorf’

NiS, exhibits a complicated spin structure and unusual
magnetic phase transitions at low temperatdréype-1 AF
LRO is the first to appear at 39.3 KI'(j;). Using polarized
neutron diffraction, Kikuchiet al. showed that this LRO is
noncollinea?*?°>The spin lattice of the type-I AF consists of
four sublattices with a unit cell equivalent to the chemical

- = cell, where the four spins point {Qu, uy ], [1x sy s,
O [tx my ], @and uy my p,]. AboveTy,, each spin forms a
. constant angle ob=12+4° with the symmetry axis, i.e.,
, coSO=(ux+ py+u)/\3.26 At T=30.6 K (Tyy), type-Il AF
® N O S LRO arises through a first-order transition accompanied by a
discontinuous increase in the type-I AF order parameter and
FIG. 1. (a) Pyrite structure of Nig. Ni atoms and arrays of g Weak-ferromagnetisndWF) also occurs due to a slight
sulfur atoms form a NaCl §tructure. The sulfur ato(rmlid.outline canting of the spin direction toward400]. These three or-
form optahedral sur_roundlng one Ni atofh) Edge-sharing tetra- derings coexist beIoWN2.27 Although a breaking of crystal
hedra in the fcc lattice.
symmetry atTy, has been reported based on thermal
expansioff and x-ray diffraction measuremeritsdifferent
tended critical region with the possibility of a spin liquid types of distortion were identified: tetragon@hermal ex-
state. However, antiferromagnets on fcc lattices often exhibipansion and rhombohedralx ray). Recently, Shindou and
stable AF LRO [type-l, Qar=(1,0,0); type-Il, Qar Nagaosa proposed a mechanism of WF based on spin chiral-
=(1/2,1/2,1/2); and type-llIQ = (1,1/2,0)]. These fcc AF ity due to the noncoplanar spin configuration, where a small
LRO are well explained by a classical Heisenberg modelattice distortion yields orbital ferromagnetisthin addition
with several next-to-nearest neighbor exchange interactiong the unusual AF LRO, anomalous behavior has also been
or magnetocrystalline anisotropy. observed in the paramagnetic phase, where the magnetic sus-
Despite detailed knowledge of some fcc antiferromagnetsgeptibility exhibits negative curvature up to 300 K in contra-
there are a number for which the current understanding is fadiction of the Curie-Weiss la#?®* and the Hall effect
from complete. Examples of these unusual compounds inand electrical resistivity shows metallic behavior below
clude MnO (NaCl structurg®™ MnS, (pyrite),* and 150 K332
(NH,),IrClg (fcc salh,*® which exhibit magnetic ordering by Although a few anomalous fcc antiferromagnets have
a first-order transition accompanied by structural phase trarbeen identified, there is as yet no direct evidence of geo-
sition. The Nel temperature Ty) for these compounds is metrical frustration in fcc antiferromagnets. Detailed study
5~12 times smaller than the Curie-Weiss temperature, sugsf momentum ¢) and energy ¢) dependence of the gener-
gesting suppression of AF LRETwo other pyrite materials alized spin susceptibilityy”(q, ») is indispensable in the
that exhibit fcc antiferromagnetism, MnsSand NiS, are  study of the spin dynamics of such systems. By fixing pa-
characterized by the unusual coexistence of two AF LROrameters in the theory, this method can be expected to give a
types | and Il for MnSe (Ref. 17 and types | and Il for realistic description of these materials. The present authors
NiS,.'81° The coexistence of different AF LRO is impos- have performed inelastic neutron scattering experiments on
sible in these crystal structures if only two-spin interactionsNiS, using single crystals and observed anomalous magnetic
are taken into account. Although four-spin exchange interaceritical scattering at the Brillouin zone boundaries of a
tions are expected to be important in these syst@fissuch  chemical wunit cell as a 3D frustrated magnet
interactions will be critical for the coexistence of LRO only (Y, ¢:S¢ odMn,).3 This observation indicates that a heuris-
if the possibility of structural distortion is disregarded. tic relationship exists between the unusual magnetism in
The present study focuses on BljSwvhich has been in- NiS, and geometrical spin frustration. Magnetic critical scat-
vestigated as a typical Mott insulator from the 1970’s, exhib-tering was observed even at up to 30@K5 timesTy;) and
iting semiconducting behavior in spite of partialhalf)  was enhanced below 150 K, representing direct evidence of
filled bands® Figure 1a) shows the pyrite structure of NiS  geometrical spin frustration in the fcc antiferromagnet. De-
in which Ni and $ form a NaCl structure. The Ki ions tailed analysis of the observed scattering intensity in,NiS
form a fcc lattice of edge-sharing tetrahedlFag. 1(b)] sur-  revealed that the system is very close to the phase boundary
rounded by octahedrallS ions. This structure has more between the two types of AF LRO, which is also supported
bonds to next sites than a corner-sharing tetrahedra structutey LDA+ U calculations. This quasidegeneracy makes the
and as such has lower degeneracy of ground states.iNi®  spin fluctuation almost classical because the spectral weight
a low-spin state, giving rise to twey states, i.e., spirb  is accumulated in the energy region lower than the thermal
=1. Although theey bands split into upper and lower Hub- energykgT. The classical to quantum crossover is triggered
bard bands with strong Coulomb interaction, recent resonarity the LRO and/or the structural phase transition. This is
photoemission spectroscopy measurements have revealbdcause the spin wave dispersion is induced by the LRO, and
that the charge excitation in NjSs in fact governed by its energy goes beyorikkT. This fact contradicts the initial
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expectation that frustration shoudthhancethe quantum na- _
ture of spin. In fact, frustratiosuppresseshe quantum na- ; (a) 5

ture down to lower temperatures by extending the classica 2 10°F
critical region. This paper is structured as follows. Section |l 3
presents the details of experiments and Sec. Ill reports the
experimental results for uniform magnetic susceptibility, re- 2 .
sistivity, and specific heat. The neutron scattering results are~~q 5 105?

given in Sec. IV, followed by a theoretical analysis in Sec. V. 's
Section VI presents the discussions and conclusions.
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Il. EXPERIMENTAL DETAILS 1 105' ---------------------------
] . ) 0 200 400 600
Single crystals of Nigwere grown by a chemical vapor T(K)
transport method using £and By, gas. The detailed condi- "~ *°
tions of crystal growth are described in a previous paper. 100 ' ' (b)

The typical sizes of single crystals grown using Bas were
larger (~0.15 cn?) than those produces using ,Chas
(~0.1 cn?), but the mosaicness of former was twice that of
the latter. Therefore, the crystals grown using Ghs were
employed for transport and magnetic susceptibility measure-
ments, while both types of crystals were examined in neutron
scattering measurements. All single crystals had stiog),
(111), and (210 facets. , ,
Neutron inelastic scattering measurements were per I 0 0005 001 0015
formed on the triple-axis spectrometer TOPAN installed at - ‘ - —
the JRR-3M Reactor of the Japan Atomic Energy Researct i o ‘ ' ' ()]
Institute. The final neutron energy was fixed at 14.7 or 30.5 —~ 0.8 [ 1 ]
meV using a pyrolytic graphitéPG) analyzer. The horizontal I
collimation of the neutron beam was set at -80'-60'-80'
from reactor to detector. A PG filter was placed in front of
the analyzer to eliminate higher-order contamination from =
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the incident beam. To ensure a sufficiently high signal-to- ™~~~ T2 (K) 1
noise ratio, a total of 9 single crystals=(L cc) were used, 5
aligned by utilizing the shiny100 and (111 facets. Mag- ]
netic excitations from the type-]Qar=(100)] and the I SO 8p=517K
type-Il [Qap=(1/2,1/2,1/2) AF LRO were measured in the Y =~ 2(')0 """" '300

(hkK scattering zone. The uniform magnetic susceptibjity
was measured using a standard SQUID magnetometer fa T(K)

T=<300 K and a vibrating sample magnetometer for 300

<T<700 K. The electrical resistivitp was measured by a _ FIG. 2. (8) Temperature dependence of inverse magnetic suscep-
standard four-probe method between 4.2 and 300 K, and tHiility x " under a magnetic field applied along tf00] direc-
specific heat at constant pressure was taken by a heat-pulg%n' The straight line shows the fit to the Curie-Weiss law. The

method in an adiabatic cell from 1.5 to 50 K, and by an adhnset shows the temperature dependencg fur zero-field cooling
calorimetry above 15 K ' ' (ZFC) and field cooling(FC) under several magnetic fieldgb)

Electrical resistivityp on the(100) plane as a function of andT~*
(insed. The value ofp deviates from semiconducting behavior be-
I1l. MAGNETIC AND TRANSPORT PROPERTIES low 150 K and exhibits metallic behavior at low temperatu.
. . Specific heat divided by temperatur€/(T) vs temperature. The
The . characteristic features of magnetic and transpo_r&otted line shows the lattice contribution ©f;=517 K. The inset
properties for frustrated magnets were clearly observed iQhowsC/T as a function off2.

this experiment. Figure(2) shows the temperature depen-

dence of the inverse magnetic susceptibilty® in an ap-  (—®cy/Tn1~30). An effective moment of 2.900.01 ug
plied magnetic field ofH=1T along the[100] direction. is estimated from the slope of the Curie-Weiss curve, which
Previous work reported unusug(T) behavior that does not agrees well withgS(S+1)=2.83 forS=1 andg=2. Us-
obey the Curie-Weiss law below 300%R343°From mea- ing these values with the mean-field theory, taking into ac-
surements ofy at temperatures above 300 K(T) was count only nearest-neighbor exchange interactiohs
found in present study to begin to deviate from the Curie-=3kg®,,/zS+1) is calculated to be 13:50.1 meV.
Weiss law at around 350 K. The Curie-Weiss temperatureédere, z is the number of nearest-neighboring atoms, and is
(Ocw) calculated fromy Y(T) above 400 K is—1250 taken as 12 in this case.

+2 K, which indicates strong suppression of the AF LRO In a weak magnetic fields, spin-glass behavior was ob-

094409-3



M. MATSUURA et al. PHYSICAL REVIEW B 68, 094409 (2003

W nuclear

x10°
N
o
T
Intensity
x1 04N
jg
o}
8
<3
]

(Okk) T I l
! I sk \(1’0,0) E=14.7meV (a) -
| 2 30'-30'-30"-80'
A |- 6 \ ]
[ o o i

|, 0 8 *4r T
B & 2 T

¢', S - N1 -

Sy 2 l

' 3 0 I I .

o o

0 T 30pw. (1/2,1/2,1/2) (b) -
i e s L EE

E
X
[1y]
[)
o

"""" FCC lattice zone boundary O AF |:Q,,=(100) 10 ', 0 | °‘;LL -
— — — magnetic zone boundary (AF 1) A AFII :Qm=(% % % ) E=14.7meV 290 300 3.0 320
30-30-30'-80", s | TK)
FIG. 3. Schematic diagram @hkK scattering plane and Bril- ! g e re —r
louin zone of the fcc unit cell. The type-l and type-ll AF Bragg < 15} (©) é f;géoo-.-a:;_——-;g"‘ -
points are located at the center of rectangular and hexagonal plane% =3 N
forming the fcc Brillouin zone boundaries, respectively. % 10} o . " o T<Tye |
T%, e w0l 10’ 10'
. . . 5} o (T-Ty W Thy
served, as shown in the inset of FigaR Below 150 K, there oE ) NS

is a clear difference between field-cool@€C; open circles 0 |
and zero field-cooledZFC; closed circlesy in a 0.02 T 0.8k (d) '
magnetic field. The enhancegdbelow 150 K decreases with S

increasing field strengtiH, and almost disappears &t E] 06 7
=1T. The magnetization curv®i(H) exhibits an almost E 04k i
linear field-dependence, except for a slight hump at 0.1 Ts ' 0 .
below 150 K. The enhancement is proportional to the ratio of 0.2 0 10 20 30x10°
surface area to volume, indicating that the short-range ferro- | — T (KS)

magnetic ordering can be pinned by crystal defects on the 25 30 35 40 45
surface. T (K)

Anomalous behavior below 150 K was also observed in
the transport properties. Figur¢b? shows the temperature  FG, 4. Temperature dependence of the peak intensitg)dhe
dependence of electrical resistivifyon the (100 plane. At type-I AF Bragg (100 peak and(b) the type-ll AF Bragg(1/2,
high temperatureg; increases exponentially with decreasing 1/2,1/2 peak. The inset in(b) shows data for heatingclosed
temperature. The activation energy estimated from the slopércles and cooling(open circles (c) Magnetic contribution of
of Inp vs T~ 1 [inset of Fig. Zb)] is 80 meV, which is con- specific heaCp,qas a function ofl and normalized temperature.
sistent with previous repor?é.The slopedp/dT decreases Dotted line in the inset represems. a fit with a cr!tica] exponent of
rapidly to become negative at around 150 K, aniiself is a=a'=0.013. (d) Thermal variation of magnetization under a

characteristically metallic below 150 K, also as determined"29"etic field of 1 T along thEL00] direction. Inset shows mag-
in a previous studﬁz netization normalized to that &=0 as a function off®.

Figure 2c) shows the temperature dependence of specific 1074x kg(kg T/A)® [J/mole K], whereA is the spin wave
heatC. The specific heat exhibits two successive divergencestiffness constant for antiferromagniet,=A|q|. From the
at low temperatures, attributed to magnetic phase transitiongefficient of theT3 term in Cmag: A is calculated to be
at Ty (39 K) and Ty, (31 K). The inset of Fig. &) shows  11.5+0.1 meV A by using the above formula.
the T> dependence o€/T. At low temperatures, a linear  |n the (hkK scattering plane, the Brillouin zone boundary
contribution yT to the specific heat is zero. Therefore, the (zB) of the fcc unit cell has a honeycomb structure, as shown
total specific hea€ consists of magneticQ,,9 and phonon in the left panel of Fig. 3. In reciprocal space, the fcc ZB
(Cphonon ConNtributions. The molar lattice specific heat underconsists of rectangular and hexagonal plaritee right
constant pressureC(,onon is estimated to be the same as in pane). Note that the type-1 and type-1l AF Bragg points are
the previous report’ The Debye temperature ®,=517  on the fcc ZB at the center of the rectangular and hexagonal
+2K, as determined from fitting at high temperatufdet-  planes, respectively. Although a small distortion occurs be-
ted line in Fig. Zc)]. The difference betwee@ and Cpynonon  low Ty, this distortion is ignored and the indices within the
becomes appreciable below 150 K, seen in figure. Belovicc unit cell are denoted throughout the present paper. Elastic
Tnz, Crmag is proportional toT3, which is expected for the neutron scattering measurements confirmed the existence of
magnetic contribution of spin waves in a 3D antiferromag-two types of sharp Bragg reflections and two successive
net. The spin wave contribution is given &,,=3.17 phase transitions. Figuresatand 4b) show the temperature
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TABLE |. Three characteristic temperature regimes of magnetic excitations i NiS

(A) T<Ty (B) Tno<T<Tp1 (©) T>Ty\
LRO and spin wave type | type | no Bragg reflection
+type Il
Critical Q~(1,0,0) Inelastic Inelastic Quasielastic ————— »-
scattering (type ) w~12 meV w~12 meV
QN(%,%,% Inelastic Quasielastic -->
(type 1) w~12 meV
zone none Quasielastic -
boundary

dependences of the type-l AF LRO with AF wave vectorpersion at smalt, whereq is wave vector from AF Bragg
(1,0,0 and the type-Il AF LRO with AF wave vectgil/2, point, the number of magnons will be proportional to the
1/2,1/2. The type-l AF LRO appears first afy;=39.3 third power of temperature for 3D antiferromagnets. A plot
+0.1 K via a second-order transition. The critical exponentof normalized magnetization VE® is shown in the inset of
B=0.306+0.03 is determined from the fitting foky,e,  Fig. 4(d). At low temperatures, the decrease in magnetization
«[(T—Tyn)/Tn]?, wherel .. is the peak intensity of the from the T=0 value M) follows aT® law up to T/Ty,
type-1 AF Bragg point(100). This 8 value is almost consis- ~0.6; M(T)—My=T3, which is attributed to magnons.

tent with theoretical value for universality classes in three-

dimensional systems, such as Heisenb@g%645, XY IV, INELASTIC NEUTRON SCATTERING

(0.345, and Ising(0.32 models. It was confirmed that the

type-Il AF Bragg reflection withi{1/2,1/2,1/2 arises abruptly It was found that spin fluctuations in NiSan be sepa-
below Ty,=30.6-0.1 K accompanied by enhancement of rated into three phases; a paramagnetic ph@seT(y,), an

the type-1 AF LRO, as previously reportéd The critical intermediate phaseTg,<T<Ty;), and a low temperature
behavior of the phase transition®y, is quite different from  phase T<Ty,). Furthermore, three characteristic contribu-
that atTy;. The type-ll AF order parameter exhibits a small tions to the scattering spectra were observed; spin-wave, in-
hysteresis 0.1 K), shown in the inset of Fig.(8), indi-

cating a first-order f)hase tran_:smon. Beldw,, the order Ent 4.7meIV, 0306080 (5) T= 4|5K
parameters for type-l and type-ll have the same temperature 400+ ? Y
dependence, which can be approximated byTy»

—T)/Tn2]?2 with B=0.22+0.01.

Although the critical behavior of the AF order parameter 200
at Ty, is normal, the divergence of magnetic specific heat at
Ty1 is unusually small. Figure(d) shows the specific heat
data after subtraction of the lattice contributior® 0
=517 K). The slight difference in the transition temperature 400
is due to imperfect temperature calibration for ac calorimetry
experiments. The calculated magnetic entropy relegsgX
for Tyo<T<Ty; is 1.1 J/moleK. ThisS;,4 is 8 times
smaller tharR In(25+1)=9.1 J/mole K forS=1, whereR is
the gas constant. As seen in Figc2 the magnetic entropy is
released below 150 K, reaching to 2.9 J/mole K betwBgn
and 150 K.Sy,4 for T<Ty, is estimated to be only 1.9
J/mole K, and therefore the residual magnetic contribution to
entropy (3.2 J/mole K should be released mainly ai,.

The inset in Fig. &) is a logarithmic plot of magnetic spe-
cific heat vs normalized temperature. The small divergence
of Cyag gives an anomalous critical exponent af=a’
=0.013-0.0017 with Cpag[(T—Tny)/Tna] @ for T 0 I | ! !
>Tyy and Crag[ (Tna—T)/ Ty for T<Tyy, which is 0 5 10 15 20
mlécrlg)maller than for the 3D Heisenberg model=(«’ E(meV)

WF was confirmed belowTy,, as in the previous FIG. 5. Energy scan spectra at tt@L1) type | AF Bragg point
report®® The WF has been shown based on the results of at a temperaturd of (a) 17, (b) 32, (c) 45 K. The solid line in(a)
polarized neutron diffraction study to be due to the cant ofis a Lorentzian fit. The horizontal bar represents the instrumental
AF ordered spiné® Assuming a simple linear spin-wave dis- resolution width and the dashed line indicates the background.

200

CNTS/4 min.

400

200
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FIG. 6. Q-scan spectra & =32 K in (a) the[100] direction from the(100) AF Bragg point with 00) and(b) the[011] direction from
the (012) AF Bragg point with (k). The fitting line is the sum of a Lorentzian function for the peak at the type-l AF Bragg pointaand
a Lorentzian function for the spin-wave signal (@ a Gaussian function for the peak @1.25,1.25 convolved with the instrumental
resolution function and magnetic form factor. The arrowsah indicate the spin-wave peak&) Spin-wave dispersion for thgl00]
direction.(d), (e) Energy dependence of integrated intensityd)fthe peak at the type-l AF Bragg point ael the peak at the crossing point
of the fcc Brillouin zone boundaries.

elastic excitation above 12 meV, and critical scattering exBragg point was observed for tf§&00] direction, as indi-
tending to the fcc ZB, as summarized in Table |. Figure 5cated by arrows in Fig.(®). A linear fit in the small region
shows energy scans with fixe@ at the (011) type-l AF  vyields a spin-wave velocity oflw/dg=12.6+0.6 meV A
Bragg point for three characteristic temperatures. In the firstFig. 6(c)], whereq is measured from the type-I AF Bragg
regime, the paramagnetic phd$eég. 5a)], strong AF spin  point, i.e.,h=1. This spin-wave velocity is consistent with
correlations were observed. The critical scattering can be fitthe value evaluated from the specific heat. In addition, a
ted by a Lorentzian with half-width-at-half-maximum broad peak appears at the center of magnetic zone at all
(HWHM) I'=7.0=0.6 meV, as represented by a solid line energies. The HWHMk of the Lorentzian peak at the mag-
in the figure. The AF short-range correlations were observedetic zone center is about 0.11 Ain all spectra, indicating
even atT=250 K, and were enhanced below 150 K, wherea short-range correlation extending out to the third-nearest
the anomalies in the transport and magnetic properties ameighbor atoms. The energy dependence of the integrated
pear. In the second stage, the intermediate pliage<T peak intensity for the peak at the magnetic zone center is
<Tn1 [Fig. 5b)], the spectrum shifts towards higher ener-shown in Fig. &d). The integrated intensity has a broad
gies. Type-l AF LRO arises concomitantly with spin-wave maximum at 12 meV, which is almost equal to the nearest-
excitations. In the low-temperature regime beldy, [Fig.  neighborJ, determined from the Curie-Weiss behavior of the
5(c)], the scattering at the type-l AF Bragg point becomesuniform magnetic susceptibility.
inelastic with a finite energy gap of 12 me¥(), as shown Figure @b) showsQ scans along thE011] direction from
in Fig. 5(c). At low energies, the spin-wave excitations werethe (011) type-1 AF Bragg point with (8Kk). Although no
also observed near both the type-I and type-ll AF Braggdiscernable spin-wave signal was observed for[@1] di-
points. rection, an intense peak appears(@{l.25,1.2% up to 16
The magnetic excitations in the intermediate phase, whermeV. The solid lines in the figure represent the Gaussian fit
only the type-l AF LRO exists, are examined first. Figure 6for the intense peak and the Lorentzian fit for the peak at the
showsQ scans along th€100] and[011] directions around magnetic zone center. The position of the intense peak cor-
the type-l1 AF Bragg point al =32 K, just aboveTy,. In responds to the crossing point of the fcc ZB. The integrated
the intermediate phase, all three of above magnetic excitantensity of the peak at this crossing point is shown in Fig.
tions are observed. The fitting line in Figi@is the sum of 6(e) as a function of excitation energy. The same energy
two Lorentzian functions for the weak peak at the magneticdlependence as that for diffusive scattering at the type-l AF
zone center and the spin-wave signal, convolved with thdBragg point in the paramagnetic phase is apparent.
instrumental resolution function and magnetic form factor. Figure 7 shows th€ dependence of critical scattering at
Weak but clear spin-wave dispersion from the type-l AFthe fcc ZB. The measurements were performed in constant-
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(2) (b
T = o T ='me T T T T
04/10 e sl ® g
/N P/o\ 4400 £ 7 7
0.2f,° fH\ / d\xw < o2 3 .
© =
O/’mf{ i SR
04175, £y £ ot
. J 2/ 1\ 1400 ol I
£ 0.2f // o - : } {
% /9/// 0 seset . 1200 ;gl 0.2 i §_
E 0F== T } .\.\Tﬂ‘: o) b 01_% ¢ o] |
3 0.4/k=1.25 8 :
[ —1400 = ol I I I I 1
E 0.2 \ % 10 11 12 13 14 15
Sa — 1200 2 K (rlu.)
g l%:ft‘.&’"}‘uez‘mﬁ‘ =2 (0kK)
S oalk=1.125 4
& 400 ! -
o AN |
= 0.2+ -~ . *\A
0.4/k=1 ’ " 403076080 — |
’ E=14.7meV 400 | 1 Al |
] A
0.2f Ao A1 # - &
Mﬁu 1200 ) l
ol i . ————q—
10 05 0 05 1.0 v 0 1, 1 1(h00)

h (r.l.u.)

FIG. 8. Q-scan spectra &= 32 K taken at an energy transfer of
2 meV (open circley and 10 meV(closed circles Scans were
measured along thel00] direction with (hkK displayed by arrows
in the schematic diagram. The absolute value d.%() is shown

on the fcc Brillouin zone boundary. Scans were performed in
constant-energy mode at 2 meV withkl. Lines in (a) are a
fitting of the sum of a Gaussian function for the peak at the fcc zone
boundary k=0.75, 1.2% and a Lorentzian function for the peak at
the type-l AF Bragg pointK=1.0), convolved with the instrumen-
tal resolution and magnetic form factor. The thermal variation in
integrated intensity of the Lorentzian peéype-l) and Gaussian
peak(type-Il) are shown in(b).

energy mode along tH®11] direction at thg(100 and (300
type-I AF Bragg points with an energy transfer of 2 meV.
Symmetric peaks occur at the crossing points of the fcc ZB.
The critical scattering appears to be purely magnetic in ori-
gin because th€ dependence of the three excitations fol-
lows the N#* form factor.

In order to obtain the entire peak structure for critical
scattering at the fcc ZB and inelastic scattering at the type-I
AF Bragg point, mesh scans were performed around the
(011) with energy transfers of 2 and 10 meV &t 32 K,
with the results as shown in Fig(é3. The mesh scans were
measured along thgl00] direction with (hkk of k=1.0,
1.125, 1.25, 1.375, and 1.5. At 2 meV, broad peaks were
observed along the fcc ZB. This data was fitted by Lorentz-
ian functions convolved with the instrumental resolution
function. A symmetric peak position and the same peak
shape were assumed for the two peakk=atl.25. Figure
8(b) is a plot of the peak intensity ane of the Lorentzian
peak against the reciprocal indéx The intensity fork
=1.375 and 1.5 represents the data for a single peak. At 2
meV,  is almost constant at 0.15A across the fcc ZB.
However, the critical scattering at the fcc ZB appears to oc-
cur in two forms. The peak intensity for 1.2k<1.5 is
almost flat, and much higher than that foxk<1.25. The

for reference, obtained by comparison with the intensity of thefcc ZB for 1.25<k<1.5 corresponds to the hexagonal plane,
transverse acoustic phonon. The horizontal bar represents the instrehere the type-1l AF Bragg points are located at the center,

mental resolution width.

as shown in Fig. 2. Therefore, the critical scattering around
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integrated intensities of the critical scattering gradually in-
crease with decreasing temperature from 250 K, and grow

FIG. 10. Temperature dependence of inelastic scattering at thFapidIy below 150 K, indicating a close correlation between

type-1 Bragg point with a characteristic energy of 12 meVvJ).
The peak profiles irfa) showQ scans at thé€011) along the[100]

the spin fluctuation and the anomalous behavior of the mag-
netic and transport properties. Both the type-l and type-ll

direction as displayed in the schematic diagram. Horizontal bar:
show the instrumental resolution width. Solid lines are a fitting of
three Lorentzian functions for the magnetic peak at the center and
phonon peaks at both sides of the magnetic peak, convolved with
the instrumental resolution functioth) Temperature dependence of

x and integrated intensity of the magnetic peak.

the type-Il Bragg point is considered to extend uniformly to
the fcc ZB. Critical scattering in the intermediate phase is
contributed to be both type-lI and type-Il spin fluctuations.
The type-l contribution is responsible for magnetic critical
scattering extending to the fcc ZB of the rectangular plane,
while the type-Il contribution produces that for the hexago-
nal plane, and the AF Bragg points of both points are located
at the center(see Fig. 2 At 10 meV, inelastic excitation
appears at the type-lI AF Bragg point, while the type-Il con-
tribution becomes weak and broad.

In the paramagnetic phase, both type-I and type-II contri-
butions are diffusive, as shown in Figgaband Ge). Figure
9 shows the temperature dependence of the type-l and -l
contributions. The data was measured in constant-energy
mode along the fcc ZB around th@®11) with an energy
transfer of 2 meV. The fitting lines in Fig.(& were calcu-
lated similarly to those in Fig. (6). The weak peak ak
=1.0 and the two strong peaks kt0.75 and 1.25 with

(k,T/g°w (@)

1.5

Tontributions increase towards;, and are suppressed be-

' (a) AF typell

0 02 04 06 08
-1
q'(A™)

FIG. 12. Wave dependent susceptibili{q) around the(a)

(Okk) are associated with the type-I and type-Il contribu-type-1 and(b) type-Il AF Bragg point. They’ direction is perpen-
tions, respectively. The larger peak at smiais associated dicular to the fcc Brillouin zone boundary at each AF Bragg points.
with the magnetic form factor. Both type-I and type-Il con- Solid and dashed lines are a fitting of a Lorentzian function con-
tributions were observed even at 250 K, which is 6 timesvolved with the instrumental resolution function. Horizontal bars
higher thanTy,, indicating strong suppression of AF LRO. show the instrumental resolution width.
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FIG. 13. (Colon Contour maps of magnetic neutron scattering o 3 B
S(Q,w) at 11 K with fixed transfer energy ¢&) 2 and(b) 13 meV. (© EEI? meV 5 Aéo_'f 2_ 7?&30
Data was measured with constant-energy scans over the momentum 200t (Okk) o, A r
range 1.6sh=<1.5 and—1<k=1 with (hkK. Dotted lines display
the fcc Brillouin zone boundaries. Open circle and triangles indicate 100 o=
the type-1 and type-ll AF Bragg points, respectively. Q
0 | | |
low Ty1, although these contributions persist into the inter- 0.0 0.5 1.0 15
mediate phaseT,<T<Ty1). The type-l contribution de- k(rl.u.)

creases more sharply beldly,, associated with the spectral
shift of the type-l AF LRO and inelastic scattering above 12

meV. In the low-temperature phase, both type-I and -Il CON5yrements were performed Bt 11 K along(a), (b) the [100] and

tributions disappear, becoming Bragg components for ARc) 911] directions.
LRO, spin waves, and gap excitations above 12 meV. The

phase transition afly, is accompanied by small lattice gjes. Figure 11 shows the temperature dependengeabthe

distortion?®2° This small crystal distortion therefore appears
to break lattice symmetry and relieve spin frustration.

along the[100] direction around th€011). The fitting line is

2.0

FIG. 14. Peak spectra at tk@11) type-l AF Bragg point with an
energy transfer ofa) 20 meV, (b) 13 meV, and(c) 3 meV. Mea-

type-1 AF Bragg point(011). With decreasing temperature

from T=300 K, « becomes small, particularly at high ener-

Figure 10 shows the temperature dependence of thgies Between 150 K arifly;, the value of« for all energies
Q-scan spectra at the type-I AF Bragg point for a characterzonyerges to 0.2 AL, indicative of the frustrated nature of
istic energy of 12 meV4J). TheQ scans were performed the spin system.

A precise estimation of the correlation lengt§) (in the

the sum of three Lorentzian functions for the peak at theparamagnetic phase was made based on the static momentum

magnetic zone centef01l) and two phonon peaks dt

=*0.5. The phonon peaks are associated with acoustig Here, y(Q) is given by
branch from nuclear Bragg reflectionst{,1,1). The left

phonon peak is sharper than that on the right due to the
instrumental resolution. In neutron scattering measurements,

the instrumental resolution appears as an ellipse lying in

Q. -w space(perpendicular to momentum transf@) with

X(Q):(

g21“2

— o0

dependent magnetic susceptibilipfQ) at T=100 and 300

. 1_e—f1w/kBT
kBTU ( hwlKsT )S(Q"")d“" @

Because the magnetic critical scattering has an intensity of

negative slope in the right-handed system. Therefore, thap to~16 meV, which is much larger than the instrumental
peak for a dispersion surface matching the resolution ellipresolution width, application of the quasielastic scattering
soid will be sharpened as a kind of focusing effect. Withmethod using a two-axis spectrometer is not sufficient for the
decreasing temperature, inelastic excitation at 12 meV agpresent purpose. Therefore, const@ntscans were per-
pears belowTy; and grows in parallel with the type-l AF formed from—4 to 16 meV, andy(Q) was calculated from
order parameter. In the paramagnetic phase, although thbe result using Eq(l). Figure 12 shows(q’) at T=100
peaks become weak with increasing temperature, magnetand 300 K along th§100] direction from(0,1.15,1.15 (type

critical scattering exists, even at room temperatiré times

I), and the[111] direction from (1.8,0.65,0.65 (type II).

Tn1). This result represents direct confirmations of a shortHere,q’ represents the distance between a figegosition
range correlation in the magnetic susceptibility up to 300 K.and the fcc ZB. AtT=300 K, although the magnetic corre-

The value ofx in the rangeT;<T<150 K is constant at

lations still remain,y(q’) exhibits a slightq’ dependence,

0.2 A%, and increases with temperature above 150 K. Suclgiving the £€<0.7 A for both type | and type Il. AT
a saturation ok was also observed at other excitation ener-=100 K, the Lorentzian fitting yieldg=1.9+0.2 and 2.1
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+0.2 A for type | and type I, respectively. These valueswhere £(Q) is the Fourier transform of the exchange inter-
correspond to approximately half the distance between thaction matrix. In the classical approximation, the static sus-
nearest-neighbor atoms. It should be noted thagtlig) has  ceptibility both above and below the Bletemperaturél

the same intensity within experimental error around the botltan be expressed as

type-l and type-ll AF Bragg points in the paramagnetic B
phase. x(Q~{6+[1-L(Q)/L(Qap) ]} 1, 5

In the intermediate and the low-temperature phases, gnere the parametet specifies the magnitude of deviation
marked enhancement of the 12-meV gap excitation was obs; the actual temperature frofy;.%° Here, Q¢ is the AF

served at the type-| AF Bragg po!nt,.as shown in F'g' 10. Th(?Nave vector at which the susceptibility diverges whgn

Q dependence of the gap excitation was stuqlled through=TN1. Equation(5) is valid, strictly speaking, only when the
constant-energy scans over the momentum region, as Sho_v)érﬁergy scale of magnetic excitations is much lower than the
in the Fig. 8. Elgure 13 shows contour maps of Ifn'd‘gmz"t'ctemperature. At temperatures closeTyg,, these two quan-
neutron scatteringi(q,«) at 11 K W'th. a fixed t.ransfer €N" " tities are usually comparable. However, since the scattering
ergy of 2 or 13 meV. All the magnetic scattering along theis mostly quasielastic for all momentum transf€sin the

fee tZE’; d|sappear§ ;n dthe_tlr(:m{[—r:empe_rature phase. Mt;agnen aramagnetic region, this relation can be used to compare the
excitations associated wi e spin-wave were observefl, . e intensities at differer® points.

around both the type-l and Il AF Bragg points at both 2 and Consideri :
. . onsidering the nearest-neighb®N) J,, the next-NN
13 meV. Figure 14 shows peak spectra for the region arounﬁlz, and the next-nextéthird) NN J; AF interactions, the

the type-l AF Bragg poin(01]) at T=11 K f(_)r an €nergy  £oyrier transform of the interaction matrix can be expressed
transfer of 3, 13, and 20 meV. The asymmetric signal is agair) ¢

due to the focusing effect. The gap excitation in Fig(al4

splits into two peaks due to a steep dispersion. Fitting two L£(Q)=—]31/{$1(Q) +Ry2(Q) + R3ep3(Q)} (6)
linear dispersion curves at smalifor spin gaps of 0 and 12 ) _

meV gives slopes of dw/dg=11.2£0.1 and 59.7 interms of the geometrical factogs of the fcc lattice

3.3 meV A, respectively. $1(Q)=4[c0Q,)c0gQ,) + o3 Q)05 Q,)

V. THEORETICAL ANALYSIS +cogQy)cogQ,)],

The antiferromagnet NiS exhibits many complicated $2(Q)=2[coq2Q,)+cog2Q,)+cog2Q,)], (7)
phenomena, including features similar to frustrated antiferro- Y
magnets. These include a structural phase transition, and a $3(Q)=8[cog2Q,)cogQ,)cog Q,)
non-collinear AF structure at low temperatures. As no unified Y
approach to those phenomena is available as yet, the frus- +c052Qy)cogQy)cog Q)
trated magnetism and its relationship with the structural tran-
sition are discussed here based on a classical Onsager reac- +c092Q,)cogQ,)co%Qy) ],
tion field approach to a simple Heisenberg picture. and the ratioR,=J,/J; andRy=J3/J;.

The observed geometrical pattern of critical scattering can - Since the value of the AF wave vector depends solely on
be interpreted in part by calculating the momentum-transfegne parameterR, andRs, the phase diagram was examined

dependence of the energy-integrated scattering law in terms of these coordinatedig. 15. The honeycomb
structure of the critical scattering in the{0)-(0kk) plane is

2 ageneralfeature of fcc lattices with AF interactions up to the

S(Q)ocf dol(Q.@)/[F(Q)I. @ third NN. This pattern is robust in a rather large domain,

Here. | dF h ttering intensit q whereR,<0.6 andR3<0.3. Therefore, to locate the position
ere,| (Q,») andF(Q) are the scattering intensity an mag- ¢ NiS, in the phase diagram, it is necessary to study the fine

r)etlc form factor. Under t.he assum_ptmp that the CharaCt‘E’r'S‘Features of the honeycomb structure that are general for the
tic energyZw for the spin fluctuation is smaller than the ¢, |owice. To fix the value®., andRa for NiS. in the high-
thermal energigT, that s, classical spin fluctuation, B) g mer bhase. ie. fdf>T2Nz, the critical gcattering pat-
can be approximated as tern was calculated for numerous points in phase |. Several
2 2\ o points(black rectangles and the circle in Fig.)Mere found
g_'“) f S(Q,w)dw 3) to obey the following empirical conditions: the neutron scat-
kKeT ) J—oo ' ' tering intensity is almost constant along the fcc ZB around
o ) , . type-1l Bragg points, and the energy-integrated intensities at
which is proportional to the real pag’(Q) of the static  he type-1 and type-Il AF Bragg points are equal within the
momentum-dependent magnetic susceptibility via thejmit of experimental error. Based on the position of the com-
Krgmers—Kronlg relation. Consider the classical Helsenber%ound in the phase diagram, Ni® a high-symmetry phase
spin model appears to be situated in the border separating phases | and
I, indicating that the system is nearly frustrated between
Hy= _2 L£(Q)3(Q)S(—Q), (4) phas_es I and Il. The possible_ closeness of the comp_ound to
Q the incommensurate phase is unknown because this phase

x(Q)=
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was not observed in the experiments, but the experimentally- H X 3,3i(S) whereH®™'is an external field, is consid-
observed coexistence of phases | and Il is important to not@red to be overestimated, and a correction &H®f

The interatomic magnetic interactions in the type-I AF:_)\Eiji<Si> is applied. The temperature-dependent pa-

state were calculated by the LBAU approach to substanti- rgmeter\ is determined from the sum rumflquBX'(q)
ate the point that frustrated magnetism in Ni§ driven by =S(S+1)/3, leading to the self-consistent equation
the physics of either a Mott-Hubbard or charge-transfer in-
sulator. The effects of on-site Coulomb interactldron the ©)j_ -1 11
mean-field level were incorporated into the LDA-based elec- N1/ T=N Eq: LQN[LO0)=L(a)+x(0)" ]~ (8)
tronic structuré’® The Coulomb interactiot is essential to

obtain the AF solution and the band gap in NiSn the from which the.uniform static me}gnetic sfuscept,ibileO)
insulating stateU gives rise to the well-known superex- €an be determined. The mean-field Curie-Weis®INem-

0)_
change interaction in transition-metal oxidég\nother im- peratureT(()=£(Q)S(S+1)/3 can then be reduced to

ZB

portant parameter is the charge-transfer enekgywhich Ty=TO/G(1) 9
may also significantly affect the interatomic magnetic inter- N1 TNL '

actions in these systems. This energy is sensitive to the relavhere

tive position of the Ni(8) and S(3) bands*?* Unfortu- -

nately, the LDA+U method, in its present formulation, -1 B 1

yields a rather unsatisfactory description foffor transition- G(1)=N Eq [1=L(a)/L(Q))] (10

metal oxide$” Therefore, this effect was modeled by treat-
ing bothU andA as parameters. In the present definitian,

is an additional shift applied to all Ni® states in the
LDA +U calculations. The ratidJ/A was chosen to adjust
the experimental band gap t0.1 meV3! Since the band
gap is small, both superexchange and higher-order terms
the 1U expansion(e.g., biquadraticcontribute to the mag-
netic interactions. Because of this, the magnetic interaction
depend not only on the type of fixed magnetic state in Whicq

they artg calcul:ta_';ed, but also_.ontr;[he ttypg of c_ou_FrK]rfezgro- Evaluation of the temperature dependence of the magnetic
magnetic or antiferromagnelitn the atomic pair. The mag- characteristics requires the introduction of one additional di-

netic interactions were averaged over the pairs in the firs . (0) . : : .
second and third coordination spheres. All three a’[temptjis}nenslonéII parameteTy; , which determines in a unique

gave reasonable positions for Ni$h the phase diagram way the renormalized N temperatureTNl and §¢ts the
(open rectangles in Fig. 150 the phase-I area, and one of temperature scale for the persistence of AF transition precur-

the calculated points is located very close to the place indiS°s- In this caseTy; is set to 140 K to account for the
e of \;=39.3 K for the chosen values of

; : o ; i tal valu
cated by phenomenological analysis of scattering intensitye*P€"MeN e : v
The point on the right of the diagram near the line separatin%,Z,_o"lH3 aniR3—0.16. This Corrisponds thl;|=84 K,
the | and Il phases requires large charge-transfer enargy 9VViNg |@cwl =(12+6R,+24R5)|J,|=1500 K, which is in
(A=3eV, U=4eV), whereas the left two points reloresentsem|quant|tat|ve agreement with the experimental value of

smaller values of these parametets<(2 eV, U=5 eV and |®cw|=1250 K mentioned in Sec. Il. This agreement also
A=0eV,U=7.5 eV, respectively This circumstance hints supports the idea that the upper limit of the extended critical
at the im’portarﬁ rolé of charge transfer in KiS region T=150 K corresponds to the mean field transition

Since the system is nearly frustrated, suppression of thiemperatureT( . The inset in Fig. 18 demonstrates that the
AF LRO can be expected, and thus the precursors of phag_gmper_ature dependence of the unlf_orm magnetic s_uscepnbll-
transition should persist to higher temperatures. This mearl®y deviates from the standard Curie-Weiss behavior. How-
that the critical region is extended considerably. The simplesgVer, the agreement is somewhat qualitative because the the-
way to describe this feature is via the Onsager reaction fiel@'€tical result deviates from the Curie-Weiss law evefT at
correction(see the Appendi¥>“6 According to the Onsager =600 K, whereas the experlmentally dewqtlon began at
approach, the N temperature will be notably suppressed@round 350 K. The energy integrated scattering law
when the system is close to the phase border in the phase _ C1q-1
diagram. Furthermore, at high temperatures, the Onsager ap- S(Q)~x(Q=LL(0)=£(Q) +x(0) 7] (1)
proximation converges to the standard Curie-Weiss mearis also shown in Fig. 18 for comparison with the mean-field
field result. Therefore, the persistence of precursors of thelependence. As shown in Figs. 17 and 18, the Onsager field
Neel transition is expected at higher temperatures. Althougltorrection qualitatively reproduces the experimentally ob-
the Onsager scheme does not provide quantitative agreemesdrved persistence of correlation effects at high temperatures
with the experimental results, it does account for basic qualiin the paramagnetic regime. The ®éldemperature is sup-
tative features observed for Nith the experiments. pressed by the nearly frustrated situation, while the critical

Within the framework of the Onsager approach, the effecscattering intensities of the Curie-Weiss and Onsager ap-
tive mean field acting on the ionspin, as given b),H?ff proaches coincide at high temperatures.

is the Onsager factor, which depends on lattice structure and
dimensionless parameteR;, and R, i.e., the ratio of ex-
change interactions in the standard Heisenberg Hamiltonian.
Figure 17 illustrates the suppression of theeNemperature
along the lineR;=0.16 in the phase diagram in Fig. 15.
I§uppression is most significant near the line separating
hases | and Il, supporting that the Onsager model qualita-
vely accounts for the persistence of precursors of the AF
ransition for nearly frustrated systems.
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FIG. 16. (Color) Surface of calculated critical scattering inten-
FIG. 15. Magnetic phase diagram for the fcc lattice. Type-ISity for R;=0.43,R;=0.16 (circle in Fig. 15, and6=0.3.

[Qar=1(1,0,0)], type-ll [Qar=(1/2,1/2,1/2), and type-lll [Qar
=(1,1/2,0)] phases are indicated by I, II, and Ill. The area labeled If it is assumed that the coexistence of order parameters
IC and the small triangle near the crossing of the lines separatingorresponding to the type-l and -Il AF LRO is possible, the
the I-1l and II-1ll phases are regions where incommensurate phasestandard mean-field approximation leads to the following ef-
may occur. Close rectangles and circle are possible locations dective Hamiltonian:
NiS, in the phase diagram in the high-symmetry phase, as deter-
mined by phenomenological analysis of the critical scattering. Open
rectangles are the positions of Nifh phase diagram according to
LDA +U calculations.

HR=KCM(Q) of12+ K(Qy) ofy f2+ ufy 12

_[/CEﬁ(Ql)0'|+YUQL(TH]Sz(QO

The coexistence of type-l and -ll AF LRO beloW, off .
cannot be described using the Onsager method because that —[ET(Quan+ VUQLUI]SZ(QH)- (13
approach is valid only for the paramagnetic region. Instead,
the standard mean-field approximation is employed, and thglere, o, and éz(QI,II) are the corresponding magnetiza-
lattice degrees of freedom are incorporated into the modetions and spin operators, respectively. The effective values of
The general idea is to explain the coexistence of the typedhe interaction matrices can be expressed in terms of ficti-
and -lIl AF LRO in terms of the coupling of the magnetic tious Neel temperatureﬁ',(o)zIceﬁ(Q,)S(SJr 1)/3 andT,(lo)
subsystem to the lattice modg , which has the appropriate — jcef(Q, )S(S+1)/3 at which AF transitiongin the ab-
symmetry for mixing the AF LRO. Therefore, if the lattice is sence of lattice couplingmust occur at the, and Q,, AF
distorted (1 #0), coexistence of the two order parametersvectors. Here, it is noted that the rafie?(Q,)/ K ¢M(Qy)) of
is possible. Such lattice coupling will have a significant ef-theeffective constantsf the renormalized mean-field Hamil-
fect only when the two magnetic phases are nearly degenetonian Eg.(13) does not correspond to the ratio lodre in-

ate and their energies are nearly equal. teractions£(Q,)/£(Qy) = 1.05 evaluated for the parameters
To obtain quantitative results, the lattice mode energyused in the Onsager calculationB,0.34, R3=0.16, see

Ué /2 and coupling to the lattice the circle in Fig. 15. The effective interaction at wave vector
L

Q, is increased more by the Onsager reaction field than that
at wave vectoRQ),, , with the result that the ratio of effective

He= 72 Ug S(@S(—q+Qy) (120 constants must be considerably larger than that for the bare
a unrenormalized interactions.
(mixing modesQ, andQ;;: Q. =Q;,—Q,) are included in The ground state of the system was found by minimizing
the standard Heisenberg Hamiltonian. the corresponding free energy as follows:

FRr=KM(Q) o2+ Ko(Qy) o2+ ufy 12

[ [(@S+IE(Qi) o+ yug o] [ IEQi) o+ yug ai]
—TlIn| sin o7 /sm o7

(14)

[ [(@S+IE(Q) o+ yug ou] [ [K*(Q) o+ yug on]
—Tln_sm o7 / sin o7 .
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FIG. 17. Dependence of suppression facto&(W) for Rj 8 06l
=0.16 onR,. The minimum point corresponds to the crossing of N_ 0.4
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The intensities of Bragg peaks | and (Fig. 19 accu-
rately reproduce the experimental situation. The type-1 peak
arises 'by a second-order transition, while the type-l! reflec- g 10. Temperature dependence of intensity of the type-Il
tion arises abruptly at lower temperature accompanied by @5ne) and type-I(lower) Bragg reflections fory=2.6, T(®)= 40,
structural phase transitiofequilibriumug #0) and a sud- T(M=21 ands=1

. . .L . 1l ’ .
den change in the type-l peak intensity. According to the

experimentally observed hysteresis, the transitiof@lis  phases in the phase diagram. The persistence of precursory
first order. The dependence of the free energy on the distolshases to a higher-temperature critical regime is explained
tion ug (and on magnetization) has two local minima  py the nearly frustrated state, and the coexistence of two
close toTy;, the first zero and the second nonzero. ThereBragg reflections at low temperatures is attributed to a struc-
fore, the change in distortiouQL and magnetizatiow,, is  tural phase transition that lifts the degeneracy.

discontinuous, manifesting in a first-order transition. Both
reflections coexist at lower temperatures and are compatible
with the distorted lattice.

The peculiar features of the compound NiSerefore ap- A commonly recognized scenario for frustrated quantum
pear to be due to a nearly frustrated situation resulting froniagnets is as follows. The geometrical frustration suppresses
closeness to the border separating the type-I and -Il Akhe onset of the magnetic LRO, whielnhanceshe quantum

fluctuation. The degeneracy is then lifted by quantum tunnel-

T(K)

VI. DISCUSSION

0.10 ing between different spin configurations, leading to a unique
2500 quantum state with a dominant spin singlet correlation. How-
£ 0.08- L2 o ever, there are several points to be reexamined in this sce-
= 5 2200 nario. One is that a simplified model taking into account only
& 0064 g 2000 the nearest-neighbor exchange interaction is often adopted,
s i35 1800 in which case the geometrical frustration does not immedi-
= = 1600 ~ T ately lead to degeneracy of the many spin configurations at
& 0.04 S L1200 ¢ . L . .
o - the classical level. This is because in real materials, longer
¢ 0 100 200 300 400 500 600 . . . .
w range exchange interactions are present, which usually lifts
0.02- the degeneracy of spin configurations. Another issue is that
T there are many channels to lift the degeneracy of the classical
0 configuration other than the formation of the quantum spin

— T T T v T T 1 T v
° 5 100 1§I'0(K) 200 250 300 350 liquid. One is the order-by-disorder phenomefbnn the
classical version, the initial entropy is different for different
FIG. 18. Temperature dependence of the energy integrated iff"ound states, and the state with the largest entropy is chosen
tensity of critical scattering in Curie-Weiss mean-field thetgt- @t finite (even though it is infinitesimaltemperature. The
ted ling and by the Onsager methgsolid line) for R;=0.16 and ~ guantum analogue of this order-by-disorder phenomenon is
R,=0.43, corresponding to the circle in Fig. 15. The inset showsdriven by zero-point fluctuation, and the lowest zero-point
the temperature dependence of the inverse uniform magnetic sugnergy state is chosen. Another channel is coupling to the
ceptibility in mean-field theonfdashed ling and by the Onsager lattice distortion, which lifts the degeneracy as was found in
method(solid line) for the same parameters. this study. Therefore, it is necessary to consider the compe-
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O typel
® typell

tition among these different channels to quench entropy at
the zero temperature. In this respect, it is misleading to say 1.0
that frustration enhancesthe quantum fluctuation. The
present study on NiSfound the opposite, in the sense that 0.8
the frustration enhances the weight of the spin fluctuation at
low energies, causing the system to behave more classically
compared to the corresponding unfrustrated systaascon-
dition for classical behavior i$iw<<kgT). This criterion 0.4
supports the validity of the classical approximations to the )
present frustrated spin systems in the extended critical region 02k %
s
(2]

e
=
-

z

-1100

(300),(122)

g
N

(1,0.25,0.25)

0,1,1) O
(0,1.25,1.25)

50

oney aAleley

betweenTy and T&O). The degeneracy and accumulation of \
spectral weight at low energies is lifted by the onset of the 0 ! 1 € L 0
LRO and/or coupling to the lattice distortions, which intro- 0 1 3 4 5 6
duces a gap into the spectrum and is accompanied by the Q(A'1)
appearance of spin-wave dispersion. The inelastic part higher
than the gap then behaves quantum mechanically. In this FIG. 20. Wave-vector dependence of the intensity of critical
sense, the LRGenhanceshe quantum nature of the spin scattering. The solid line represents the magnetic form factor of the
systems. Based on this observation, the classical spin ap®" ion as a function of magnitude of the wave vec@r Open
proximation is adopted here, taking into account the modeand closed circles indicate the integrated intensity of the type-I (
mode coupling through the Onsager reaction field. =80 K) and type-ll T=32 K) contributions. The intensity is nor-
First it is instructive to compare the present results formalized to 100 af100 for the type-I contribution and to 88 at
NiS, with those for the 3D frustrated compound (1.0.25,0.25for the type-Il contribution.
(Y0.955%.09Mn,, which is considered to be capable of a
spin liquid state. The parent material, YMnis an itinerant  with long-range correlations. On the other hand, the ground
antiferromagnet witiTy=100 K and a laves phase structure state of NiS is ordered AF with classical spin fluctuations
in which Mn tetrahedra form the fcc structure. The com-that are restricted to short-range distances. This is consistent
pound (Y, 975G 09 Mn, is free of magnetic long range order- with the much shorter correlation length2 A at 100 K,
ing down to the lowest temperature. The magnetic criticalwhich reaches only to nearest neighbors and is much smaller
scattering observed in NjSn the intermediate and paramag- than the size of the elementary cell containing foufNi
netic phases is reminiscent of §¥.SG o9 Mn, in the sense ions.
that the spectrum exhibits a peak at the fcc ZB. However, Analysis of the frustrated situation in NiSeveals the
these two compounds are critically different in terms of thecrucial influence of the scale and strength of the exchange
Q dependence. The magnetic scattering i %% 09Mn,  inter-spin interactions on the degree of frustration. The ratio
appears at the fcc ZB around nuclear Bragg point&00), of Ty to Tew is a good measure for frustration. For NiS
(022, and(111), with no signal around the specific reflec- Ty /Tcw= 30, which is equal to or larger than that in other
tions of (000), (222), and(400).23 In contrast, magnetic criti- frustrated systems; 16 for LiCgQ(triangulay,®® and 24 for
cal scattering was observed at the fcc ZB around all nucleaZnCr,0, (spine).>! This indicates that the geometry of the
Bragg points in Ni$. Figure 20 shows th® dependence of lattice is not solely responsible for the properties of strongly
the magnetic critical scattering in the paramagnetic phasdrustrated magnets. It is known that a 3D fcc lattice with AF
The solid line indicates the magnetic form factor of thé Ni NN interactions is highly frustrated, as indicated by the infi-
ion. Both type-I and type-Il contributions follow the mag- nite number of zero-energy modes situated along the mani-
netic form factor except &011), where it is though that the fold of lines in 3D momentum spacg + m,Qy,0), (Qy,
deviation at(011) is supposed that the neutron scattering+ 7,0), etc] in the spectrum derived from the mean-field
observations are in fact visualizing perpendicular compodescription. However, the next NN interactions destroy this
nents §,) of spin fluctuation with respect to the scattering highly frustrated picture and the system becomes acciden-
vector. If a noncollinear type-l AF spin lattice is tally frustrated between different AF LR@see the phase
assumed*?®S, at (011) is half that at(100). Therefore, the diagram in Fig. 15 only for specific values of interaction
magnetic critical scattering in NjShas no structure factor in parameters. Even in the case of accidental frustration, the
the paramagnetic phase, and its geometrical pattern is detategree of frustration will be considerably smaller because the
mined only by the ratios of the exchange interspin interacimeasure of zero-energy modes is zero-dimensigmahts),
tionsR, andR;. not one-dimensionallines). For example, in the border be-
The absence of a signal at the fcc ZB around specifitween phases | and I, zero-energy modes are located at wave
Bragg points in (¥%95¢.09Mn, is the consequence of vectors corresponding to AF vectors of type-l and type-Il.
strong spin singlet formation within the Mn tetrahedra, The same considerations apply to trianguleagome and
which promotes the contribution of the structure factor to theother lattices, which are considered as plausible candidates
Q dependence of magnetic critical scattering intensity, as haf®r frustration phenomena based solely on the type of crystal
been proved for the spin liquid stf&*° In other words, the lattice and theassumptiorof the exclusive role of NN spin-
peculiar features of critical scattering in {¥,.S¢ 09 Mn, are  spin interaction. The next-NN interactions can destroy the
due to quantum fluctuations around a singlet ground statgeometrical arguments in these lattices in a similar way as

N
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observed for the fcc crystal structure. Based on the abovhis sense, the quantum nature of the spin is recovered by the
considerations, it can be concluded that no actual system &F LRO. This observation leads to a number of possible
ever “completely frustrated” but is always “nearly frus- prescriptions for how to search for the quantum spin liquid
trated” depending on the pattern of interactions in a givenstate. One is to minimize the spin quantum number to the
geometrical structure of a spin system. Even “nearly fruslowestS=1/2. Another is to reduce the coupling to the lat-
trated” situations give rise to significant violations of the tice distortion, and yet another is to eliminate the order-by-
properties known from Curie-Weiss treatment, as observegisorder phenomenon. It is well known that the pyrochlore
experimentally for Ni$ and as revealed theoretically lattice does not exhibit the ,classical order-by-disorder phe-
through a simple Onsager reaction field approach. nomenon, whereas tHe@gomelattice does? However it is

In the present experiments, two crossovers were observdather difficult to avoid the quantum order-by-disorder phe-
in the paramagnetic phase of NiSOne is from the para- nomenon, and the only way to resolve the situation seems to
magnetic state to a short-ranged AF state at higher temperf€ again to reduce the spin quantum nundédt is not clear
ture. We found that the uniform magnetic susceptibility startsvhether a larger volume or measurement of the degeneracy
to deviate from the Curie-Weiss law at350 K, and mag- in momentum space will be better for a quantum spin liquid,
netic critical scattering at the type-I AF Bragg point was Which is left for future study.
observed at least up to room temperature. Therefore, the
short-range AF correlation is considered to begin to grow ACKNOWLEDGMENTS
below this crossover temperature. The other crossover corre- .
sponds to the rapid enhancement of low-energy excitation Thg auth_ors ac.knowledge S._Maekawa a.nd W. Kosh|bae
extending to the fcc ZB at150 K. In addition, spin-glass for fruitful discussions and K. Hirota for assistance in neu-

behavior, and metallic transport were observed below 150 Ktron scgtterlng fmeisursments_,. M.I;/I.SV\_/as sufppo;ted bysthe
However, these crossovers are partially attributable to gapan Society for the Promotion of Science for Young Sci-

; - ; tists. N.N. was supported by Priority Areas Grants and a
change in surface magnetism and transport. Ehial 2 ob- en s o
served that the transport properties in Nee dominated by Grant-in-Aid for COE research from the Ministry of Educa-

surface conduction below 150 K. The spin-glass signal wal®N: Sciénce, Culture and Sports of Japan. A.S.M. acknowl-

confirmed in the present study to depend on the surface-ar&f9es RFBR Grant No. 01-02-16508. Y.E. was also sup-
to volume ratio. Although the spin-glass and metallic behavportEd by a Grant-in-Aid for Scientific Research sponsored

ior include a surface contribution, these anomalies shoul(lj-’y JSPS.
correlate closely with the bulk property, particularly geo-
metrical spin frustration. APPENDIX: ONSAGER’S REACTION FIELD

We observed that the diffusive spectra at both the type-I
and -Il AF Bragg points shift to a finite energy in the AF
LRO phase. Such a spectral shift has also been observed
other frustrated compounds, for example, Cugetthe spi-
nel compound ZnGO,. These phase transitions are accom-
panied by a lattice distortion that removes the degeneracy of H=— 1 E 58-S — Z H exts?
ground states. However, this is not the case for,Mi&ause 24 N g
the spectral shift occurs aty; at which no lattice distortion
was observed. The integrated intensity of 12-meV excitation - E E(Q)§Q~ AS—Q_E Het (A1)
reveals the same temperature dependence as the type-l1 AF Q Q
LRO, as shown in Fig. 10. Since the spin lattice of the type-I
AF LRO in NiS, contains four sublattices, it is suggestedWhere
that the high-energy excitation may be an optical mode of the
spin-wave excitation.

In conclusion, we have studied the spin dynamics in,NiS
and revealed the effects of frustration. The characteristic fea-
tures of macroscopic magnetism of frustrated magnets wergsing the usual mean field treatment, we decouple the spin-
observed, such as hysteresis in the magnetization process#yn interaction
and suppression of AF LRO. Neutron scattering experiments
revealed a honeycomb pattern of magnetic critical scattering S §1—>(§i) . gj +S. <§j>_<§i> . <§j> (A3)
in reciprocal lattice spacécontinuous-line structure along
the fcc Brillouin zone boundarigsproviding direct evidence
for nearly frustrated AF on the fcc lattice. From theoretical
analysis, it was concluded that the system is located very
close to the phase boundary between the type-l and Il AF MF _ yext Jaz
phases, leading to the observed extended critical spin fluc- HIm=H +§j: Ji(S) (A4)
tuation along the fcc ZB and hence classical behavior. The .
onset of the AF LRO and/or lattice distortion produces spin-applied to thez component of the spils;. What Onsager
wave dispersion and gap excitation, lifting the degeneracy. Ipointed out is thaH{\"F includes some overcounting, which

In this Appendix, we describe the Onsager’s reaction field
and derive Eqs(8)—(11) for the self-consistent procedure.
We begin with the Heisenberg spin Hamiltonian

which results in the molecular field approximation
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should be subtracted. This part of the effective figf§2°io" A=x(0)"1—xo 1+ L(0) (Al11)

's called the reaction field, and is given by which is Eq.(11). Putting Eq.(A10) into Eq.(A9), we obtain

the self-consistent equation far.
Xii H{#oto= > Xin!\fj:z xijJdii(S), (A5)
! ! 11 XoL£(Q)
wherey;; is the static magnetic susceptibility between sites A= E N o) - 1—xo[£(Q)—\]" (A12)
andj. For classical spinsy;; is given by

This equation can be transformed easily into

Xij=(SISHT, (AB)
where T is the temperaturekg=1), and especiallyy;; 1:£ ! . (A13)
=(($)?)=x0o=S(S+1)/(3T). The physical meaning of N ‘G 1—xo[£(Q)—N\]

this reaction field follows(S’) creates the effective field .
H\"F =J;(Sz) at sitej, which induces the magnetization NOW let us assume that(Q) has the maximum aQ=Q,
xijHI""; at sitei. This effect should not be taken into account and define the mean field transition temperaflgey
and subtracted from the expectation valig). Therefore,
the reaction fieldH[®**"" should be subtracted fromM", Xo(To) £(Q) =1, (A14)
and the effective fieldH®" applied to the spir§? is

which leads toT o= S(S+1)£(Q)/3. Then Eq(A13) can be

Heff | MF _ reaction further transformed into
T
=HF“+; Jij<8f>—2 Nidi(Sh, (A7) T =GN L(Q)+T/To], (A15)

where\;; = xij /xo. In terms of this effective field, the Fou- ] o
rier component of %) is given by where the functiorG(s) is given by

1
s—L(Q)/L(Q)

The transition temperature is signaled by the divergence of
x(Q), namely, the condition % yo[ £(Q) —\]=0. This con-
_ 11 dition is equivalent to that the argument Gfin Eq. (A15),
A= N ; NijJji “xo N % X(QL(Q). (A9) i.e., \/L(Q)+T/T,, is equal to 1. Therefore, the transition
temperaturel ; is determined by

(Sh)=xoHG = Xo[ HE+ L(Q)(SH) —A(SH)],  (A8)

1
G(s)= % (A16)

where

Then the static susceptibility(Q) is given as

To
Xo —=G(1). (A17)
= (SHYH'= . A10 T
M=M= =5 oy A0 ;
Equation(8) can be obtained from E@A13) using the defi-
Obtaining\ at Q=0, nition of X (A11).
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