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Magnetic neutron scattering measurements on a single crystal of frustrated ZnE©,
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Single crystals of Znk®, are investigated with neutron scattering measurements from the viewpoint of
geometrical frustration. Magnetic diffuse scattering was distributed along the first Brillouin zone boundary of
the fcc structure. The results show that the frustration occurs between the antiferromagnetically coupled
third-neighbor spins, rather than between the similarly coupled first-neighbor spins. In addition, another type of
diffuse scattering was found around some nuclear Bragg peak positions. This indicates that the first-neighbor
exchange interaction in the 90° configuration is ferromagnetic rather than antiferromagnetic. Energy spectra
were investigated at several points. The unusual magnetic behavior originates from the geometrical frustration
and a unique property of the first-neighbor interaction.
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[. INTRODUCTION magnetic behavior was treated as an intrinsic property. This
is noted here because previous reff3rts have argued that

ZnFe0, has a normal spinel structure composed of 8sample imperfections are the cause of this unusual magnetic
tetrahedralA sites and 16 octahedr8 sites. TheA andB  behavior. In these cases, the specimens seemed to be in a
sites are occupied by 2h and Fé" ions, respectively. The metastable state, since the coexistence of short-range order,
B sites of this structure have a special atomic arrangemen@s Well as long-range order, probably due to sample hetero-
whereby the correspondir§ cations are located at the cor- geneity, was observed. It is our experience, that when the
ners of the tetrahedron, while each corner is shared by twepecimens are carefully purified during preparation, they do
tetrahedra. If the tetrahedron is regarded as a single moRot show any well-defined Bragg peaks corresponding to the
ecule, then th@® sites of the spinel structure can be describedormation of long-range order. In our view, this material re-
as an fcc configuration of moleculésee Fig. 1 (The third-  mains intrinsically disordered even at the lowest observable
neighbor F&* ions can also be regarded as an fcc configutemperature(1.5 K). This point has already been clarified
ration) The tetrahedral network has the same atomic conand reported in Ref. 24.
figuration as that of various pyrochlores an@15

intermetallic Laves phase compounds, such &Soin,, Il. SAMPLE PREPARATION AND EXPERIMENTAL
systems which are well known in terms of three-dimensional METHOD

geometrical frustration, and their unusual ground states, e.g.,

spin glass; spin ice?~® spin liquid, and other§:* Single crystals of Znk®, were grown by the flux

It is thought that ZnFgD, is antiferromagnetic, with a method, and the maximum temperature during the process
Néel temperature of about 10 ¥1" However, estimates was 1250 °C. Initially, the ZnF®, compound was synthe-
based on magnetic susceptibility give a Curie-Weiss temsized by the usual solid solution, which was then used to
perature of about-100 K. Therefore, strong spin frustration grow the single crystals. The lattice parameser8.52 A at
is also expected in Znk®,.'®!° Several authofd'"have  ambient temperature, was determined by x-ray powder dif-
performed powder neutron diffraction measurements. Neveifraction. Various values of this parameter have been reported
theless, details are still unclear, because data obtained frofe.g.,a=8.439 A1® a=8.4599 A1® anda=8.43 A ?! etc)
powder samples provide inadequate information concerninglowever, its present value is more accurate, since it is ob-
the exact location of diffuse scattering. Our success in growtained from a high-quality samplesee Ref. 24 A batch of
ing single crystals, of sufficient size for neutron scatteringsingle crystals was found at the bottom of the platinum cru-
measurements, enabled us to clarify the unusual magnetaible. Several of the octahedral crystals had edges of length
behavior of ZnFgO, from the viewpoint of geometrical frus- 5-7 mm, and a few had lengths as large as 10—15 mm.
tration. It also made possible the determination of the exact Two spectrometers were used in the present neutron scat-
location of diffuse scattering in reciprocal space. In additiontering measurements. Magnetic diffuse scattering was de-
energy spectra were investigated at several points. tected with the highQ-resolution (HQR) triple-axis spec-

Before discussing the main topic of this paper, we emphatrometer installed at the T1 thermal guide of JEARI. The
size that the present experiments were performed on a highvave vectork; of the incident neutrons was 2.5579 A A
quality sample of ZnkFg,, in such a way that its unusual pyrolitic graphite (PG analyzer and a thick PG filter were
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FIG. 2. The temperature dependence of the inverse magnetic
susceptibility 1f in a magnetic field i =200 Oe). The inset shows
the zero-field-coo(ZFC) and field-cool(FC) magnetic susceptibil-
ity x in a magnetic field i =500 Oe).

field-cooled (ZFC) processes were studied with magnetic
fields of 200 and 500 Oe in the temperature range between 5
and 700 K.

Il. EXPERIMENTAL RESULTS
A. Magnetic susceptibility

The temperature dependence of the magnetic susceptibil-
ity (insed and its inverse susceptibility are shown in Fig. 2.
At first sight, it seems that the peak in the curve around 13 K
suggests the antiferromagnetic éléemperaturel . If this
is an indication of the antiferromagnetic’ &letemperature,

then ZnFgO, has antiferromagnetic long-range ordeRO)
below Ty . The magnetic susceptibility curve and the inverse
curve have shapes similar to those given in previous
reportsi*1>2°The FC and ZFC curves almost trace the same
path over the whole temperature range. Therefore, ke

FIG. 1. (a) Normal spinel structure of Zng®,. (b) FE€* ar-  is unlike a spin glass systetn®?°Although the data deviate
rangement orB sites, showing corner-sharing tetrahedra. The tetrafrom a Curie-Weiss law for temperatures below 280 K, the
hedra form the fcc structure. Curie-Weiss temperature is 120 K, as estimated from the

inverse susceptibility in the high-temperature region. This
used to obtain a full-width at half maximutFWHM) of  indicates that ferromagnetic spin correlation dominates at
energy resolution equal to 0.66 meV. Since the diffuse scathigh temperatures. The effective magnetic moment is
tering data were taken with the analyzer, the spin motion4.08u5, a value that is smaller than expected. However, it
with characteristic time shorter than 18 sec, was dis- does not deviate from trivalency, a fact already confirmed by
carded as an inelastic scattering process. On the other handgssbauer spectrd.
energy spectra were obtained with the high-energy-resolution
(HER) triple-axis spectrometer installed at the C1 cold guide
of JEARI. Two scattered neutron wave vectérs namely,
1.4725 and 1.0815 A, were used here. The FWHM for Figure 3a) shows the elastic contour map in thid K0)
each of these was estimated to be 0.166 and 0.0498 me¥pne at 15 K. In this figure, solid lines indicate the Brillouin
respectively. The data were taken in the conskanhode of  zone boundaryBZB) of the fcc structure. Strong diffuse
operation with a horizontally focusing analyzer for enhance-scattering is distributed along the first BZB, but its location
ment of the data collection rate. The spin motion, with chards slightly inside the BZB. The strongest intensity is observed
acteristic time shorter than 16° sec, was again discarded as around(0.7, 0.7, Q. Figure 3b) shows a contour map of the
an inelastic scattering process. (HHL) zone at 15 K. Again, diffuse scattering is distributed

Magnetic susceptibility measurements were performedlong and slightly inside the first BZB. The strongest inten-
with a SQUID system at the Materials Characterization Censity is also seen arour(@®.7, 0.7, 0. As described above, the
tral Laboratory in Waseda University. For this purpose, thethird-neighbor F&" ions form an fcc configuration. There-
sample consisted of the crystals grown in the same crucibléore, the diffuse scattering pattern indicates that the third-
as that used for neutron scattering. The magnetic field waseighbor F&* spins are coupled antiferromagnetically, and
applied along thg001) axis. Field-cooled(FC) and zero- short-range spin correlations exist between them. Magnetic

(b

B. Magnetic elastic scattering
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scattering along theHHH] and[HHO] directions at 7, 30, can be seen around the nuclear Bragg peak points. However,
105, and 299 K, are shown in Figs(a} and 4b). The at the 220 nuclear Bragg peak there is no diffuse scattering.
lengths of the horizontal axis give the sah@=(H?+K2?  Table | shows the atomic structure factor for the normal spi-
+L2)2 (A1) distance. Another type of diffuse scattering nel AB,O,. For the sake of simplicity, the oxygen contribu-
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2500 T ¥ R I T 5(a) and 8b) show the contour maps of theHK0) and
o ° 7K (HHL) zones at 1.5 K, respectively. Here, the measurement
o 2000 |° : i’g?K 7 time (counts/60 secis the same as that in Fig. 3. Strong
2 v 111 200K 33 diffuse scattering appears @, 3, 0), (3, %, 0), (, 3, 1), and
5 1500 g, \ 222 4 symmetrical positions. The temperature variation of the dif-
P ° v ° fuse scattering profiles, that pass through the paitg, 0
g 000fe & 8 / ° ] and (1, 3, 0), is shown in Fig. ). The linewidth is far
&) N Daoo & ge broader than that for a nuclear Bragg peak, even at 1.5 K.
500 ¢ ‘i}éﬁg e 3 mé@ & 1 This indicates that thél, 3, 0) peak is a short-range order
. ‘%“ .%" St (SRO peak. In addition, thél, 3, 0) peak, which is seen in
T Y powder neutron diffraction measurements, does not appear,
[HHH] (rlu) even at 1.5 K. Figure(®) shows the temperature dependence
(a) of the diffuse scattering intensities &, 3, 0), with k;
2500 R aamans e AAaaanet =2.5579 A1 and k{=1.0815 A"1. This figure indicates
5 ° 7K that the relaxation times are less than 10sec?® Note, that
o 2000 1 °o 2 30K 440, there is no drastic change in the neutron scattering results
§ L % o 583112 ¢ around 13 K. Therefore, it is difficult to give the peak in the
= 1500 po susceptibility curve at 13 K an ¢ temperature interpreta-
2] tion. Diffuse scattering along th@10 axis is shown in Fig.
§ 1000 7(a). As temperature decreases, the scattering center shifts
O towards the(Z, 2, 0) point, with increasing intensity. The
500 same trend is observed for the scan along (@0 axis.
: Figure 1b) shows how the maximum peak position and the
0 05 1T 15 2 25 3 35 4 linewidth vary with temperature. These quantities were de-
[H,H,0] (r.Lu) termined by a Lorentzian fitting to the data. The linewidth is
(b) sensitive to temperature.

FIG. 4. Magnetic diffuse scattering alof@ the[HHH] and(b)
[HHO] directions for various temperatures. C. Energy spectra
Figure 8 displays the energy spectra obtained at several
tion is not described in this table. The diffuse scattering fol-reciprocal lattice points for various temperatures. The letters
lows the magnetic form factdf, and is temperature within parentheses in this figure correspond to the letters in
dependent; therefore, such scattering originates from thfhe reciproca| space shown in F|g 9. Even with the very
magnetic contribution of th@® atoms. The correspondence high-energy resolution, the antiferromagnetic diffuse scatter-
between the periodicity of both the magnetic diffuse scattering is observed as elastic peaks. On the other hand, inelastic
ing and the nuclear Bragg peaks, the latter due onlto peaks are seen around nuclear Bragg peak positions, e.g.,
atoms, implies that the former has it roots in the ferromag{0.8, 0.8, 0.8 [see Fig. &)]. The data reveals a very soft
netic correlation between & spins. The diffuse scattering dispersion relation originating from the antiferromagnetic
linewidth provides an estimate for the correlation length,diffuse scattering position at low temperatures. Figure 10
namely, 5.11 A at 30 K, which is within the distance betweenshows thgQ’| dependences of the inelastic peak center and
the second-neighbor Fe ions(5.16 A). Therefore, magnetic  the linewidth(FWHM), both of which were determined from
diffuse scattering originates from the ferromagnetic couplinghe data of Fig. 8 by using the “damped harmonic oscillator
of the first-neighbor F&™ spins. It seems that ferromagnetic (DHO) peak.” The horizontalQ’| axis gives the distances
diffuse scattering has a maximum intensity at 105 K, whilefrom (1, 4, 0). The letters within parentheses in Fig. 10 also
antiferromagnetic diffuse scattering no longer exists there. Atorrespond with the letters in the reciprocal space displayed
low temperatures, the former gradually disappears. Figureis Fig. 9. The details of the fitting procedure are described in

the next section. The inelastic peak centers have maximum

TABLE I. Atomic structure factor for the normal spin@B,O,. values at reciprocal lattice pointg, 2, 0, (2, 0, 0, and(1, 1,
For simplicity, the oxygen contribution has been omitt@02 and 1) \here antiferromagnetic diffuse scattering shows its
442 reflections are forbidden. minimum intensity. With increasing temperature, the inelas-

tic peaks gradually shift towar=0 meV. At high tempera-

Bragg peak Atomic structure factor tures they become quasielastic peaks.
111, 331 B—A/IV2
220, 224 A IV. DISCUSSION AND CONCLUSION
004, 444 B-A
113, 333 B+AV2 In previous work!?~!" the following issues remained un-
222 B resolved(1) the origin of magnetic LRO and SRO, and their
440 B+A coexistence atl, 3, 0) and around1, 3, 0), respectively, in

the low-temperature regiori2) The difference between the
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FIG. 5. (Color) Color contour
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low- and high-temperature patterns of magnetic diffuse scateeptibility, and the Mesbauer effect were used to investigate
tering, and its position dependence on temperature. Considére relationship between sample quality and LRO. In that

the first of these. LRO is related to sample quality. In astudy, impure samples showed LRO(&f3, 0), (1, 3, 0), and
previous study? powder neutron diffraction, magnetic sus- equivalent positions, however, magnetic LRO could not be
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FIG. 6. (a) Magnetic diffuse scattering, passing through3, 0) FIG. 7. (a) Enlargement of th& scan along th¢HHO] direc-

and (3, 1, 0, at various temperature¢b) The temperature depen- tion, showing the temperature dependence of antiferromagnetic dif-
dence of the peak intensity 4t % 0) with wave vectorsk; fuse scattering(b) The temperature dependence of the FWHM and

=2.5579 A1 andk;=1.4752 A 1. theQ positions of the diffuse peak in t¢100] and[HHO] direc-
tions.

confirmed with a high-quality powder sample, even at 1.5 K.exchange interactions are taken into accquhvith the
Only strong magnetic diffuse scattering was obtainablepresent results, we were able to obtain precise information
around(1, 3, 0). Consequently, it was revealed that certainconcerning the sign of the interaction. The first-neighbor ex-
sample disorder releases the frustration, and causes longhange interaction is ferromagnetic when thé 'FO-Fée*
range spin-correlations. As stated in Sec. |, there is essemngle is 95°. Since the strength of the interaction is very
tially no occurrence of LRO in the present pure-sample sysweak, we consider it to be almost paramagn&tias tem-
tem, and there is no Né temperature. Short-range order perature decrease, the 3feO-Fe* angle is increasing
arises because spin correlation cannot develop fully in thgradually, and the strength of the ferromagnetic first-
presence of geometrical frustration. Details of the model thaneighbor interaction decreases. On this basis, we can expect
reproduces the magnetic diffuse scattering patterns fothat the sign of the interaction varies from ferromagnetic to
19%CdFe 0, and ZnFeO, will be published elsewhere. antiferromagnetic as the £e-O-Fe* angle increases. In

In this regard, the application of spin clusters is a reasonfact, we confirmed that the first-neighbor exchange interac-
able approaclie.g., hexagon model; Ref).8Ve turn now to  tion is antiferromagnetic when the ¥e O-F€* angle is
the second issue listed above. The origin of temperature98°. The details of our recent neutron-scattering results for
dependent magnetic diffuse scattering patterns is explainetie isotope*®CdFgO, will be published elsewher€. Its
by the competition between the third-neighbor interactiondiffuse scattering pattern is the same as those for ZDgCr
and temperature dependence of the first-neighbor intera¢Ref. 9 and Y(Sc)Mn,’ indicating that the first-neighbor
tions. Although it is usually difficult to think of a exchange F&-O-Fe&" interaction is antiferromagnetic, and
temperature-dependent interaction, the interaction in théhat the frustration occurs within the tetrahedron. Under such
present system effectively depends on the temperatfis®®  a unique condition, the first-neighbor direct-exchange and
Ref. 28 for detail9. Also, although it is unusual that the superexchange interactions almost nullify each other, which
third-nearest neighbor interaction is stronger than that of theneans that the third-neighbor interaction becomes the domi-
first-nearest neighbor, these interactions are based on the falant one, and unusual magnetic behavior ensues. With the
lowing unique property. Up to now, the nearest-neighborchoice of other samples, that have proper angles between
Fe*-O-Fe" exchange interactions in the 90° configurationmagnetic atoms, we can expect behavior similar to that
have been considered to be antiferromagnetic ofound in the present case.
unclarified?®*=3? (Here, both superexchange and the direct- At first sight, the diffuse scattering pattern of ZpBg is
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FIG. 8. Energy spectra obtained at several temperatures and reciprocal lattice points using two wavéefigiss K at(1, % 0) with
k;=1.0815A"1, (b) T=35K at(3, 2, 0, andT=15K at (0.7, 0.7, 0 with k;=1.4572 A"1 [(b) insel T=1.5K at(, 2 0) with k
=1.0815A1, (c) T=3.2K at(0.9, 0, Q and T=15K at (0.8, 0, O with k;=1.4572 A"* [(c) insef T=1.5K at (0.9, 0, Q with k;
=1.0815A%, (d) T=1.5K at(3, 1, 0 with k;=1.0815 A%, () T=1.5K at(3, 3, 0) with k;=1.0815 A "%, (f) T=3.2, 15, and 109 K at
(2, 0, 0 with ki=1.4572 A1 [(f) insefl T=1.5 K at(1.8, 0, Q with k;=1.0815 A™%, (g) T=3.2, 15, 109, and 300 K &1.8, 1.8, 0 with
ki=1.4572 A1, (h) T=3.2, 15, 109, and 300 K &0.8, 0.8, 0.8 with k;=1.4572 A"* and[(h) insef] T=1.5K at (0.8, 0.8, 0.8 with
k;=1.0815 A~%. The solid line in each figure corresponds to values calculated froni2EdThe dashed line in each figure represents the
resolution observed with vanadium as standard. The letters within parentheses correspond to letters in the reciprocal space of Fig. 9.

very similar to that of spin ice systems, e.g.,fAibO;, (Refs.  interaction}*~*? which leads to ferromagnetic coupling be-

4 and 3. However, there is a difference between the presentween the first-neighbor spins. However, the Zy@Bg pat-
system and spin ice systeth?® as seen in their respective tern can be reproduced successfully without the dipole inter-
magnetic diffuse scattering patterns. Unlike the spin ice sysaction (see Ref. 28 In addition, the dipole interaction
tem HoTi,O; which exhibits four-leaf diffuse scattering, cannot explain the results for Cdfy. In view of our
there are strong diffuse peaks in ZpBg, which appear not °%CdFgO, experimentgRef. 27, it is difficult to apply the
only at(3, 3, 0), but also ai3, 3, 1) and symmetrical points. dipole interaction to the present data. The issues concerning
The origin of spin ice is explained by the dipole magnetic susceptibility data are also explained reasonably
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FIG. 9. Diagram of reciprocal space for Znfg. The open |Q|=J(H-1)2+(K-O.5)’+L2 (A7)

circles (labeled with lettersindicate positions where we observed

energy spectra. The solid circles indicate nuclear reflections, and the F|G. 10. The|Q’| dependences of the inelastic peak center and

solid lines denote Brillouin zone boundaries of the fcc structure. the linewidth (FWHM), which were determined from the data in
Fig. 8 using the “damped harmonic oscillatdPbHO) peak.” The

well by the competition between the third-neighbor interac-horizontal|Q’| axis gives the distances frofa, 3, 0). The letters

tions and temperature dependence of the first-neighbor intewithin parentheses in Fig. 10 correspond to letters in the reciprocal

actions. We consider that the deviation from a Curie-Weisspace of Fig. 9.

law below 100 K arises from the antiferromagnetic compo-

nent, which graQuaIIy dominates at low temperature, Wh'leture, the dispersion relations extend from the antiferromag-
the ferromagnetic component dominates at high temperature

As for the peak around 13 K, it is difficult to attribute it to netic diffuse scattering position, and the corresponding zone

any magnetic transition, since neutron scattering measuré)-oundary IS defm_ed by the nuclear Bragg pe_ak posm_ons.
ments do not show any drastic change there. In almost aﬁlternatwely, at high temperature, the d|s_|<_3er3|on relations
normal spinels, there is a similar peak below 50 K. However€Xtend from the nuclear Bragg peak positions to the zone
we cannot resolve this issue for Zns. It may be a peak boundary which is defined by the antiferromagnetic diffuse
caused by a slight lattice distortiéf*! although none could scattering position. However, this could not be confirmed

be detected. because of thermal fluctuations. Also, it is thought that the
The effective numbers of Bohr magnetons per magneti€nergy spectra vary from antiferromagnetic to ferromagnetic.
ion (obtained from high-temperature susceptibilitjeand Energy spectra consist of elastic and inelastic scattering

commonly seen for other frustrated systems, are smaller tha#dmponentssee Fig. 8 The spin dynamics, characterized
the expected values. We reason that the magnetic moment iy magnetic diffuse scattering, is observed as an elastic peak
not actually shorten, because bbauer spectra already in the energy spectra, even when a cold neutron source is
show that the Fe atom is trivalefit. used. However, the elastic peak does not literally imply a
The energy spectrum analysis also reveals that there is ratatic state. Upon considering the time scale of neutron scat-
LRO in ZnFgQ,. After the correction for instrument reso- tering and that of the Mssbauer effect! it turns out that the
lution, the energy spectrum is analyzed as the sum of twoelaxation time is of the order of 16—10 1° sec.
components: an “elastic” Gaussian peak, including elastic The characteristic time deduced from the inelastic peak is
incoherent scattering, and an “inelastic’ damped harmonicl0™ 2 sec. This mode is almost obscure and mixed with the

oscillator (DHO) peak, given by the functional forms relaxation time. The inelastic peaks are too broad to be iden-
) tified as magnons. These peaks are thought to be reminiscent

1(Q, ) @ exp{ B w_] (1) of magnons, because LRO is suppressed by the frustration

’ 1—exp —hw/kT) 2ri|’ effect. This also indicates that there is essentially no LRO in

the present system. These characteristics of the spectrum are
1(0.0) ® wgrz @ close to those of the “jumped diffusion model” which is
10) % — 2_ 2\2, 212 usually used for a liquid. This indicates that ZpBg is a
1mexp—fiwlkT) (07~ wg) ™+ Ty spin liquid*® rather than a spin glass.
respectively, wheraw, is the peak cented’; and I', are We conclude that SRO and spin fluctuations result from
FWHM, andT is temperature. the geometrical-frustration effect. The origin of the unusual
There is a very soft dispersion relation, which is difficult magnetic behavior of Znk®, arises from this frustration
to observe with the constaftscan modé? At low tempera-  and a unique property of the first-neighbor interaction.
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