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Neutron scattering study of dipolar spin ice HgSn,O,: Frustrated pyrochlore magnet
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By means of neutron scattering techniques we have investigated the frustrated pyrochlore magnet
Ho,Sn,O,, which was found to show ferromagnetic spin-ice behavior belowl.4 K by susceptibility
measurements. High-resolution powder neutron diffraction shows no detectable disorder of the lattice, which
implies the appearance of a random magnetic state solely by frustrated geometry, i.e., the corner sharing
tetrahedra. Magnetic inelastic scattering spectra show that Ho magnetic moments behave as an Ising spin
system at low temperatures and that the spin fluctuation has static character. The system remains in a short-
range-ordered state down to at ledst 0.4 K. By analyzing the wave-vector dependence of the magnetic
scattering using a mean-field theory, it is shown that the Ising spins interact via the dipolar interaction.
Therefore we conclude that H8n,O; belongs to the dipolar-spin-ice family. Slow spin dynamics is exhibited
as thermal hysteresis and time dependence of the magnetic scattering.
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[. INTRODUCTION systems, and another theoretical problem of a dipolar spin-
ice model*'*has been addressed. The addition of the dipo-
Frustrated spin systems have been investigated mostly iigr interaction removes the ground-state degeneracy and a
antiferromagnets on geometrically frustrated lattices such a@ng-range-ordered state becomes the ground Statew-

> . . 9,10 R .
triangular,kagome fcc, and pyrochlore lattices. Recently an €V& experiments"®*®and a Monte Carlo simulatioh do
intriguing frustrated system was found in an Ising ferromag not show this magnetic order. This contradiction is thought to

= . K 13 . .
net on the pyrochlore lattice by Harris and co-workefts, be solved by slow spin dynamit$™ in the macroscopic

h e f latii f haring tetrah number of low-energy states belonging to the “two-in—two-
where magnetic 10ns form a fatlice ot corner sharing tetran€s, v» yanjifold of the spin-ice model, which prevents the di-

dra. illustrated |n.F|g. 1. When spins interact via a ferromag;Pdar spin ice from reaching thermal equilibrium states.
netic nt_aarest'—nelght.)or exghange mteractlon and have strong Recently, another pyrochlore compound 86,0, was
local Ising anisotropies which force each spin to point into orghown to belong to the spin-ice family by ac susceptibility
out of the center of each tetrahedron, spin configurations ofeasurementit was shown that HgBn,0; exhibits a slow
the g.round state on one tetrahedron_ are sixfold degeneragﬁ/namics below a temperature scalélef=1.4 K and that it
“two-in and two-out” structures(see Fig. 1 By extending  does not have a magnetic transition to a long-range-ordered
this “two-in—two-out” structure to the entire pyrochlore lat- phase down to at leagt=0.15 K& Similar freezing behav-
tice, it was shown that ground-state degeneracy is macrder of the ac susceptibility was also observed for,FigO;
scopic, which leads to the residual entrdppt T=0. Since  (Ref. 8 and DyTi,O, (Refs. 11 and 12
these spin configurations can be mapped on to proton con- In this work, in order to clarify the spin-ice behavior of
figurations in the cubic ice, the system is called the spin icéHo,Sn,0O; on a microscopic basis, we have performed neu-
model?~3 tron scattering experiments on a powder sample. By measur-
The recent discovery of the spin-ice model systemsng magnetic diffraction pattern down ©=0.4 K, forma-
Ho,Ti,O, (Refs. 1 and 5-10and DyTi,O, (Refs. 4,5,11, tion of magnetic short-range order and freezing effects was
and 12, which belong to a series of pyrochlore oxides show-investigated. We analyzed the diffraction pattern using a
ing frustrated properties, has renewed interest in ice model$n€an-field approximation of wave-vector-dependent suscep-
Experimental and theoretical works on these compound8bilities and evaluated inter-spin interaction constants. In ad-

have shown that the spin system freezes into a spin-glass-liklition, we measured magnetic inelastic-scattering spectra to
state below a temperature of the orderTof 1 K, which elucidate energy scales of spin fluctuations. Since a disorder

has only short-range order® with macroscopic number of of the pyrochlore lattice can influence the interpretation of
degeneracy, i.e., zero-point entropy:L3 experimental results, in particular about the origin of the
Although the strong Ising-like anisotropies of Ho and Dy slow dynamics, we studied the crystal structure using high-

moments are obvious, the spin-spin interactions have certaﬁ’?somt'on powder neutron diffraction.
ambiguity, because these large moment systems have signifi-
cant contributions from the dipolar interactfdhin addition

to the nearest-neighbor exchange interaction. The long-range A polycrystalline sample of H&n,O, was prepared by
nature of the dipolar interaction complicates the real spin-icghe standard solid-state reactidA.stoichiometric mixture of

Il. EXPERIMENTAL METHOD
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FIG. 2. Neutron diffraction pattern of H8n,O; measured at
T=290 K. Observed and calculated patterns are denoted by solid
f circles and the solid line, respectively. Their difference is plotted in
the lower part by the dashed line. Vertical bars stand for positions of
the Bragg reflections.

FIG. 1. Network of corner sharing tetrahedra of Ho is shown in
a unit cell of the pyrochlore H&n,O,. Oxygen atoms giving rise
out <pin configuraton on  teahearon are alsa lustated.  FTOM this figure and the findk factors of Ryy=7.8% R,

P g : =6.4%), R,=5.8%, andRz=3.5%, we conclude that the
quality of the fit is excellent.

Ho,O; and SnQ was heated in air at 1200—-1400°C for 3  This refinement suggests that we do not need to introduce
days with intermediate regrinding to ensure a complete reagny randomness of the lattice to improve the refinement or
tion. The powder x-ray diffraction pattern of the sample in-that the experimental data do not contain enough information
dicates that it is a single phase with the cubic pyrochlord© pursue small deviation from the pyrochlore structure. Thus
structure. we checked only one possibility which is commonly ob-

Neutron scattering experiments on the polycrystallineS€rved in oxides: that is, a deficiency of oxygen atoms. A
sample were performed using the triple-axis spectrometef@rofile fitting with adjustable occupation parameters of
C11-HER and 4G-GPTAS installed at JRR-3M JAERb- 48f(0O) gnd &(0') sites was carried out. The consequent
kai). Incident or final neutron energies were fixed at 3 or 140CCuPations weren(48f)=1.00(3) andn(8b)=0.937).

; - . This implies that determination of the oxygen deficiency

meV using the pyrolytic-graphit€002 monochromator or . . . S
analyzer. Higher-order neutrons were removed by the cooleﬁgtrg ti?]e gﬁiscirll;.rp(t)f\llva ?esrir?(l:zriﬁiggod’?tasiltse rit;]erelhm;;e%_We
Be filter or the pyrolytic-graphite filter. The sample was cated atpthe center of the tetrahedr@ee Fi yf] I

ted in a liquid®He cryostat or a closed-cycltHe-gas - : e rg. 4 asma
moun d Cryos ! y g amount of deficiency of this oxygen might substantially af-
ref_rlgerator. A powder d!ffractlon experiment was carried OUtto ot the Ising anisotropy of the Ho spin. Although more pre-
using the high-resolution powder neutron diffractometercise measurements or different techniques are required to
(HRPD) installed at JRR-3M. Neutrons of wavelength gy amine the small randomness, we conclude that the present
=1.8238 A were selected by the G&31) monochromator.  giftraction data are consistent with the fully ordered pyro-

chlore structure.

Ill. EXPERIMENTAL RESULTS B. Magnetic excitation

A. Crystal structure Magnetic excitation spectra were measured to examine
The crystal structure of B8O, was studied by x-ray characteristic energy scales of magnetic fluctuations at low
diffraction® It was shown that the powder pattern is consis-témperatures and crystal-field excitations. In Figa) dve
tent with the fully ordered cubic pyrochlore structure. This TABLE I Refined struct ‘ f 4800, at T
— . efined structure parameters o ; a
structure belongs to the space grde@3m (No. 227, and =290 K using fully ordered pyrochlore structure. Numbers in pa-

constituent atoms  fully occllépy the _Sites_ of d(6lo), rentheses are standard deviation of the last digit.
16¢c(Sn), 48(0), and &(0O’).*™ To confirm this more pre-

cisely and detect certain randomness in the lattice, we mea- Fd3m (No. 227 a=10.381(1) A

sured a powder-neutron-diffraction pattern at a room tem- tom Site « y . KA
perature. The observed pattern is shown in Fig. 2. This was

analyzed by using the Rietveld profile refinement progranHo 16d 1/2 1/2 1/2 0.82)
RIETAN-97.1" We performed the profile fitting first by assum- sn 1& 0 0 0 0.32)
ing the fully ordered pyrochlore structure. The resultingo 48f 0.33685) 1/8 1/8 0.51)
structure parameters are listed in Table I, and the fitted powe’ 8b 3/8 3/8 3/8 0.8)

der pattern and the difference curve are shown in Fig. 2
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FIG. 4. Crystal-field excitation spectrum of 58n,0; measured
atQ=2 A~lin the energy range SE<30 meV. Solid lines are
guides to the eye.

The crystal-field excitation spectra were measured in a
wider energy range using the 4G spectrometer with a condi-
tion E;=14 meV. In Fig. 4 energy scans in a range b
<30 meV atQ=2 A~! are shown. One can see clearly
that there are two excitation peakstat 22 and 26 meV. The
temperature variation of the spectra elucidates the magnetic
Lo origin of these peaks. The positions of these crystal-field
R T Y X excitations coincide with those observed in the similar com-

E (meV) pound HaTi,0,.”® For Ho,Ti,O; the crystal-field state has
been thoroughly studied by neutron inelastic scattering, and
the strong Ising character of the ground doublet is
established. The same quality of analysis for K80, is
impossible using the present limited experimental data, and
will be postponed until inelastic scattering experiments with
a much wider energy range. However, from the two similar
excitation energies, the Ising character of the system, and the
show excitation spectra in a low-energy rangel<E similarity between the Ti and Sn compounds, we may prob-
<7 meV measured using the C11 spectrometer with a corably conclude that the ground doublet of }$m,O; has also
dition of the horizontal focusing analyzer wittE;  the strong Ising anisotropy along the lo¢alll) axes.
=3.1 meV. The excitation peaks observediat80 K are
transitions between crystal-field energy levels excited ther-
mally. Below T=40 K they almost vanish because of neg-
ligible thermal occupations, and magnetic signals are ob- Inthe low-temperature range where the system behaves as
served only near the elastic channel. A few typical energyan Ising model, we studied magnetic short-range order or
scans neaE=0 are shown in Fig. ®). By fitting these spin correlation. As shown in Sec. Ill B the magnetic excita-
peaks to the Gaussian form, we obtained energy widths dion spectra are completely elastic in the present experimen-
AEryuv=83*8, 84+8, and 878 ueV as shown in the tal condition. In this case, the scattering cross sediofd()
figure. Since these values are in agreement with the energyan be measured by triple-ax@ scans withE=0, because
resolution AEgywum= 85 eV measured using the standard the quasielastic approximation is applicable, which requires
vanadium, we conclude that the magnetic signal ieal0  that the inelastic scattering is integrated with negligible
does not show any intrinsic inelasticity within the presentvariation of the wave vector and that temperature is higher
experimental condition. The upper limit of the intrinsic en- than the spin fluctuation enerdThe observed intensity can
ergy width isAEpyuu<30 eV, which is 0.3 K in the tem-  be interpreted as the Fourier transform of the spin-pair cor-
perature scale. The presence of elastic scattering and the afelation. We carried ouQ scans with the elastic condition
sence of quasielastic scattering with energy width of thee=0 using the C11 spectrometer at several temperatures
inter-spin interaction, which is of the order of the Curie- down toT=0.4 K. The results of th€ scans are shown in
Weiss temperaturé-y,=1.8 K, implies that the spin system Fig. 5. One can see from this figure that the magnetic short-
can be regarded as an lIsing spin system in the lowrange order starts to develop beldw<20 K. We note that
temperature rangé<40 K. this temperature scale of 20 K, which is much

INTENSITY (counts/60monitor ~22sec)

FIG. 3. (a) Spectrum of the energy scan of $8n,0; measured
at T=40 and 80 K in the range- 1<E<7 meV. The solid line is
a guide to the eydgh) Detail of typical elastic scattering peaks for
0.4<T<80 K. Solid lines represent fits to the Gaussian function.
Scans ofa) and(b) were carried out using the horizontally focusing
analyzer withE;=3.1 meV.

C. Magnetic elastic scattering

144421-3



KADOWAKI, ISHII, MATSUHIRA, AND HINATSU PHYSICAL REVIEW B 65 144421

T T ] Cl11 k;=1.223 guide-open-80-open Ho,S8n,0,
2200 —H—m—mm™—m—

4000 * Q=059 A" cooling |
© Q=059 A" heating |
* Q=021 A" cooling ]

Q=021 A" heating |

g

3000

g

_
~J]
=
O
—_
|

2000 -

INTENSITY (couns/120monitor ~45sec)
>
=

INTENSITY (counts/120monitor ~45sec)

1500 | ]
time aft - ling t T—2C(l)4K( i %0
1000 | 1400 . fime aftercooling to T-04 K (i)~
1 2 3 4 5
Ho,5n,0, | T ()
Cl11 k =1223 guide-open-80-open E=0 FIG. 6. Temperature dependence of the elastic magnetic scatter-
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and heating conditions. The inset shows the time dependence of the
intensity atQ=0.21 A™! after the temperature is cooled ©
=0.4 K. Solid lines are guides to the eye.
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FIG. 5. Elastic magnetic scattering of ;8,05 as a function of . o -
wave vector at various temperatures. Data Bf1.7, 3,5, parameters. The simplest method to perform this is to utilize

10, 20, and 40 K are shifted by 500, 1000, 1500, 2000, 2500, an& mean-field approximation of wave-vector-dependent
3000 counts, respectively, for clarity. Solid lines are fitted curvessusceptibilitie$*®  or an equivalent Gaussian
calculated using Eq€4.11) and (4.12 of the mean-field theory. approximatiort’ Reimer€® used this method and Monte
) ] Carlo techniques to investigate the magnetic diffuse scatter-

larger than the Curie-Weiss temperatéi@,=1.8 K, may ing of frustrated magnetic systems including pyrochlore-
be related to the blocking energgg=20 K determined by |attice antiferromagnets. Unfortunately the formulas of scat-
ac susceptibility. By analyzing theQ dependence of the in- tering cross sections used in his work include mistaisee
tensity, which will be explained in the next section, we ob-ne |ast paragraph of this subsecti@nd its several conclu-
tained evidence that the dipolar interaction is the majokions seem to be incorreIn subsequent paragraphs we
inter-spin coupling. o _ give corrected formulas of the mean-field approximation

The temperature dependence of the scattering intensity jith clear definitions, which are not given in Ref. 20. As
two typical wave vectorQ=0.59 and 0.21 A’ was mea- shown later, fitting using these equations to the present ex-
sured in cooling and heating conditions, and is plotted in Figperimental data gives far better results than the previous
6. We note thaQ=0.21 A™* is the wave vector where the example<?
largest variation of the intensity was observed at low tem-  Eor simplicity of handling equations, we assume a spin
peratures. These data clearly demonstrate the existence Qfmiltonian of a quadratic form of spins:
thermal hysteresis of the magnetic scattering beldw
=1.4 K. This temperature is in good agreement with the
onset of the slow spin dynamics found by the ac

susceptibility? The thermal hysteresis synonymously implies
time dependence of the intensity. This time dependence waghere S, , , represents thex component &=x,y,z) of a

really observed as shown in the inset of Fig. 6. The scatteringlassical vector spinS,,=S 4 (/S,,/=1) on a site
intensity atQ=0.21 A~! varies on a time scale of the order d,(v= 1, 2, 3, 4) in a chemical unit cell locatedtat We
of 10 min, after the temperature is cooledlite 0.4 K. From  further assume

these experimental facts we conclude that the onset of the

slow spin dynamics in O- is slow formation of the
pin dy B0 H=—D,X [N, S~ IS21-01 3 8.y

H=— E Jn,v,a;n’,V’,BSI‘I,V,aSn’,V’,B! (41)

! ’
nv,an’,v’,B

short-range order. (nvn’ ")
IV. MEAN-FIELD ANALYSIS OF MAGNETIC ELASTIC 3 S, Sy
SCATTERING g X |
] (n,v;n",v") |rn,v;n’,v’|
A. Mean-field theory
By analyzing the neutron scattering intensity/d(Q, it is 3 v ) (STt ) , 4.2)
possible to extract information on the magnetic interaction |rnvy;n,’v,|5
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where

d, .

rn,v;n’,v':tn_"dv_tn’_ v 4.3

The first term is the single-ion anisotropy energy with the
local easy-axis directiom, (|n,|=1). To reproduce the
strong Ising anisotropy we chose a large positive vdhe
=810 K(D,>Dyp,|J4|; Ising regime. The second term is

the nearest-neighbor exchange interaction, which has to be

extended to further neighbors if it is required. The third term

is the dipolar interactions of the Ho magnetic moments

uS,,, where u is the magnitude of the momenjy
=gyJ(J+1)ug=10ug. The interaction constant i® g,
=u?lr3=1.4 K, wherer,,=a/(2/2) is the distance be-
tween two nearest-neighbor spins. The dipolar energy b
tween two nearest-neighbor spifisis Dp,=5Dg,/3
=24 K.

In the mean-field theor§?~22 the magnetic structure is

determined by the Fourier transform of the interaction con-

stants

‘]q;v,a;v’,B: En: ‘Jn,v,a;n’,v’,ﬁ
Xexd —iqg-(t,+d,—t,,—d,)], (4.4

whereq is a wave vector in the first Brillouin zone, and by
the eigenvalue equations

(p)

Z Jq;v,a;v’,b’uq;v',ﬁ:Agp)ug;)?z,a- (4.5
v,B
The eigenvaluehff) (p=1,2,...,12) and theigenvectors

ug?)m were calculated by numerical diagonalization of the
12-dimensional Hermitian matfX J,;, 4.,z With the nor-
malization condition

>

v,

u(p) u(g)* — 5

qv,a-qv,a p,o "

(4.6
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1
Syna=R 2 Shva®H -0 (th+d)]. (410

In the mean-field approximation, the wave-vector-dependent
susceptibilities are calculated by using the eigenvalues and
eigenvectors

(p) ,(P)*
uq’:JV,auq; v',B

3KeTr— 20

Nu?
Vv

>

p

4.1

Xq;v,a;v’,ﬁz

where Ty is the temperature defined in the mean-field ap-
proximation. Using thisx., ..,z the neutron scattering
cross section in the quasielastic approximafidn is ex-

eﬁ_)ressed as

do ) A a
40 (Q=G+a)=CH(Q%sT > (.5~ Q.Qp)

a,,B,V,V'

XXQ?V,a;V’y,BeXF[_iG'(dy_dv’)]' (412)

whereG, C, andf(Q) stand for a reciprocal lattice vector, a
constant, and a magnetic form factor, respectively.

Finally we point out problems in Ref. 20 in connection
with the equations of this work. The scattering cross section
of Eq. (4.12 can be expressed in the notation of E(S5)
and(C6) in Ref. 20 as

2

7 (Q=G+q)=CH(Q)keT
gq (Q=G+a)=Ci(Q)%keT—;~
s FLQFQ" 413
fo 3kgTye— 220 |
where
FP(Q=FP(Q-Q, % QBF%))(Q)}'
FPQ=6+g)=2 uf) exp(~iG-d,). (414

The system first undergoes a phase transition to a long-

range-ordered phase at a temperailie determined by

2 (p)
kBTC_g[)\qp ]max(q,p) ’

(4.7

where[  ]maxg,p) indicates a global maximum for aff and
p. The ordered magnetic structure is expressed by

(Shua)=(S{)u

where(S{”) is the amplitude of the modulation.
Wave-vector-dependent susceptibilitfe¥ in the para-
magnetic phas&> T are defined by

(p)

qv,a

exdiq-(t,+d,)]+c.c., (4.8

N2M2
Xq;Vﬂ?V’,ﬁ:_VkBT<S*q;V'ﬁSQ?V~a>’ (49)
whereN andV are a number of the unit cell and volume of
the system, and

Although there are a few differences of the notation with
Ref. 20, it is not difficult to recognize that the phase exp
(—=iG-d,) of Eq. (4.14) is incorrectly replaced by exp(Q

-d,) in Eq. (C6) of Ref. 20. We also note that the approxi-
mate powder-averaged cross section of &j.in Ref. 20,
which was used for the Monte Carlo simulation, is not ap-
propriate for precise quantitative analyses. It should be re-
placed by Eqgs(4.9) and(4.12 and numerical powder aver-

aging.

B. Application to Ho,Sn,O-,

In order to estimate interaction constants from the ob-
served intensity data shown in Fig. 5, we used Hdsll)
and (4.12 as an experimental trial function and performed
least-squares fitting. In this fitting; in Eq. (4.12) is treated
as an adjustable scale factor of the intensity, because the sum
rule of the cross section, which is always satisfied experi-
mentally, is violated for the theoretical equatiodsll) and

144421-5
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1000 improved by adding small contribution due dg. By using
[ o000, (2 ferromagnetic nn exchange ] this valueJ;=1.0 K, we tried to fit other scattering data
0008320 J — i naneel aboveT>0.4 K with the adjustable parameters fi and
800 |- _joe* Segoy () antifermomagnetic nn exchange the intensity scale factor. The resulting fit curves are shown
2 L "o, / ensity scale factor g fit cu
= . ©°, it ] by solid lines in Fig. 5. The excellent fit quality ensures that
_: *y oo DDDDD 1 the relative strength of the dipolar and the exchange interac-
G 600 L s EDDD %0, o0, “oog tions is quite consistent within the present analysis. The fitted
> | oooooooponad o o 9000000600001 values of Ty are Tye=2.2, 24,29, 3.5, 5.0, 7.4,
7 I *eee, ] 10.6,11.2 K, for data af=0.4, 1.7, 3.0, 5.0, 10, 20, 40 K,
& %1 1) dipole interacti ively. By following Ref. 13 lculate th
[-[E 7(1) d]polelnteractlon ......... 1 I’espectlve V. By ollowing er. , we CaCU ate t e ex-
Z [ ] change energy between two nearest-neighbor sgips
200 F strong local Ising anisotropy =1J,=0.3+0.15 K. This is 14% of the dipolar energy
[ examples of powder patterns of pyrochlore 1 Dny=2.4 K of two nearest-neighbor spins. Therefore the
| magnet by mean field theory ] present analysis shows that the major spin-spin coupling in
0t L Ho,Sn,O; is the dipolar interaction.
0 0.5 1 15 2 2.5
Q @AM

V. DISCUSSION

FIG. 7. Examples of magnetic scattering calculated using Egs.
(4.17) and (4.12 of the mean-field theory. Spin interactions of the
three curves arél) dipolar interactiorDg,=1.4 K, J;=0; (2) fer-
romagnetic nearest-neighbor exchange interacipn2 K, Dy,
=0; and(3) antiferromagnetic nearest-neighbor exchange interac
tion J;=—2 K, Dgp=0.

As shown in the previous section, the analysis of the mag-
netic interactions using the mean-field theory in the para-
magnetic phase seems successful from a view point of the
experimental fitting. However, applicability of the mean-field
theory has to be justified theoretically. In a high-temperature
range, Eq.(4.11) can be justified as an approximation to a

(4.12. The temperaturdly,s of Eq. (4.11) is also one of high-temperature expansion. On the other hand, in a low-
fitting parameters and loses meaning as real temperature, dgmperature range of the order @f,=1.8 K, the justifica-
pecially in low temperatures where spin correlation is nottion is less clear. Equatio.11) may still be regarded as an
negligible (see Sec. Y. If the intensity data at various tem- a@pproximation with a strongly renormalized temperature pa-
peratures are reproduced by the same interaction constantgmeterTyr or may completely lose physical meaning. The
we can think that the interaction constants obtained by thi€xperimental analysis suggests the correctness of the former
method have real physical meaning. It should be rfStéht ~ Possibility. At present, we think, at least, the conclusion that
an obvious advantage of this analysis is simplicity and thathe main spin-spin interaction is the dipolar coupling will not
another advantage is numerical flexibility that any observedPe changed when a more precise theoretical analysis is made.
intensity data can be reproduced by introducing enougHt should be noted that recent neutron scattering work on a
number of interaction constants. single-crystal HeTi,O; elucidated the dipolar nature of the
To illustrate the theoretical scattering profile and to gainSPin interactions by using a Monte Carlo simulation
insight to what extent information can be extracted from theanalysis? We also obtained the same conclusion by using the
powder diffraction data, we calculated examples of the meafean-field analysis on another single-crystal neutron data of
field do/dQ in three limiting cases: spins interact only via Ho,Ti,0;.1° .
(1) dipolar interactiorD 4= 1.4 K, J;=0; (2) ferromagnetic _ For completeness of the mear_l-fleld theory and conve-
nearest-neighbor exchange interactidp=2 K, Dg,=0; nience for the reader, we would like to make a few com-
and(3) antiferromagnetic nearest-neighbor exchange interagnents on the long-range order of E¢4.8) and (4.7). The
tion J;=—2 K, Dg,=0. These three examples with certain maximum e'96nV3|U@\ép)]ma>§ci,p) is doubly degenerate at
values ofT s andC are shown in Fig. 7. By comparing these €achX point, g=a* ,b*, or ¢*.* These wave vectors corre-
curves with the observed data in Fig. 5, we may concludépond to the peak positio@=0.6 A~'=|(001) of the Q
that the observation excludes possibilities of the purely ferscan in Fig. 5. Using the corresponding eigenveclgjigya,
romagnetic or antiferromagnetic exchange interaction, angve depict a magnetic structure wigk=c* in Fig. 8, which is
that the dipolar interaction and a small exchange interactioalso one of the ground stat&s.
will account for the observation. A characteristic spin-ice behavior observed in,Bn,0,
Along this line we fitted the experimental data &t is the slow spin dynamics or a sort of spin freezing below
=0.4 Kto the mean-field expressions E¢611 and(4.12  T¢=1.4 K, which was found by ac susceptibility
with fixed Dy,=1.4 K and adjustable parameters &f, measurementsQuite consistent behavior is observed by the
Tue. and the intensity scale factor. The fitted values Bre present work as the thermal hysteresis and time dependence
= 1.0 £0.5 K (ferromagnetit and Ty =2.2+0.1 K. The of the magnetic scattering. This implies very slow develop-
calculated curve using the fitted parameters is plotted by theent of the short-range order. From these experimental facts,
solid line in Fig. 5, which shows very good agreement. Ita natural question arises whether there exists a spin-glass
should be noted that the large error hf indicates that the phase transition around; or around lowerT,, =0.75 K
diffraction pattern is almost reproduced only by the dipolewhich was defined by the onset of the irreversibility of the
interaction and that the small discrepancy of the fitting ismagnetization proce¥sr it is interpreted as a blocking phe-
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VI. CONCLUSION

We have investigated the frustrated pyrochlore magnet
Ho,Sn,O,; by means of neutron scattering techniques using
the powder sample. The high-resolution powder diffraction
shows that the crystal structure is the fully ordered pyro-
chlore structure with no detectable disorder. Because of the
limitation of the present powder diffraction data, the possi-
bilities of a small amount of disorders are to be studied.
Magnetic excitation spectra demonstrate that the magnetic
fluctuation is almost static at low temperatures beldw
<40 K, in which the system behaves as an Ising model. The
crystal-field excitations observed &=22 and 26 meV
strongly suggest that the crystal-field state of,Big0O; is
almost the same as that of the isomorphic Ising system
Ho,Ti,O;. By measuring elastic magnetic scattering at low
temperatures down td=0.4 K, we observed only short-
range order, which develops beloWw <20 K. The wave-

FIG. 8. Magnetic structure with modulatiap=c* determined  Vvector dependence of the magnetic scattering has been ana-
by Egs. (4.7 and (4.8 of the mean-field theory. This is also a lyzed successfully using the mean-field theory. This analysis
ground-state spin configuration of the dipolar-spin-ice model. shows that spins interact mainly via the dipolar interaction

and via the small additional nearest-neighbor exchange inter-
nomenon. Since the nature f nor T, is not well under- ~ &ction. Therefore we conclude that 3n,0; belongs to the
stood, the question is to be answered by further studies. WaiPolar-spin-ice family of compounds. The spin freezing be-
note that the thermal hysteresis and the time dependence W Tt =1.4 Kis observed as the thermal hysteresis and the
the magnetic scattering were observed in a spin glasme dependence of the magnetic scattering. This means un-
systent® usually slow development of the short-range order, which

According to a Monte Carlo simulation study of the Should be studied in future work.
dipolar-spin-ice model® the spin-ice behavior occurs in a
wide range of the interaction ratie 0.8<J,,,/D,,. The iso-
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