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We present a single crystal time-of-flight neutron scattering study of the static and dynamic
spin correlations in LuCoGaOy, a quasi two-dimensional, dilute triangular lattice antiferromagnetic
spin glass material. This system is based on Co®" ions that are randomly distributed on triangu-
lar bilayers within the YbFe2O4 type, hexagonal crystal structure. Antiferromagnetic short-range
two-dimensional correlations at wave vectors Q=(1/3,1/3, L) develop within the bilayers at tem-
peratures as high as |@cw| ~ 100 K and extend over roughly five unit cells at temperatures below
Ty = 19 K. These two-dimensional static correlations are observed as diffuse rods of neutron scat-
tering intensity along ¢* and display a continuous spin freezing process in their energy dependence.
Aside from exhibiting these typical spin glass characteristics, this insulating material reveals a novel
gapped magnetic “resonant” spin excitation at AE ~12 meV localized around Q=(1/3,1/3, L). The
temperature dependence of the spin gap associated with this two-dimensional excitation correlates
with the evolution of the static correlations into the spin glass state ground state. We associate it
with the effect of the staggered exchange field acting on the Seg=1/2 Ising-like doublet of the Co**

moments.
I. INTRODUCTION

Studies of quasi two-dimensional frustrated triangu-
lar lattice antiferromagnets have been of intense recent
research interest due to their exotic low temperature
magnetic properties, embedded within spin glass or spin
liquid ground states that can arise in these systems.'2
Prominent experimental examples for such states based
on two-dimensional frustrated triangular geometries in-
clude the site disordered NiGasS4,? the anisotropic trian-
gular lattice system CsyCuCly,*® the honeycomb lattice-
based system BasCuSbsQg,° and the quantum spin
liquid candidates x-(BEDT-TTF)3Cuy(CN)3,” herbert-
smithite® and most recently, YbMgGaQ,4.% 11

Here, we present a study of the dilute triangular lattice
antiferromagnet bilayer system LuCoGaQy, isostructural
to YbMgGaQ,, which serves as an important example in
which the interplay of site disorder and frustration can
be studied. In LuCoGaQ,, magnetic frustration is real-
ized by antiferromagnetically coupled Co*t Seg = 1/2
Ising magnetic moments on planar triangular bilayers
(Fig. 1(a) and (b)). Site disorder arises from the fact
that the Co?* ions are statistically distributed in a 1:1
ratio with nonmagnetic Ga®* ions within the bilayers.

LuCoGaOy4 belongs to the family of materials with the
RFes04 type structure (Fig. 1(a)) and has the compo-
sition R3T M2+ M3tQy, in which R is a small rare-earth
ion such as Yb3*+, Lu?*t, or Tm3*, and in which the M?*
and M3 ions are 3d transition metal cations such as

Fe?t, Fe?t, Mn?t, Mg?t, Cu?t, or Co?t and Ga®t. The
M ions can either both be magnetic or can be a mixture
of magnetic and nonmagnetic ions (dilute case). In ad-
dition, the R ion can also be magnetic or nonmagnetic,
leading to complex magnetic and/or charge correlations.

The crystal structure, with space group R3m, is char-
acterized by transition metal ions that form double layers
of M?*/3+0j5 triangular bipyramids which are connected
by triangular layers of ROg octahedra, leading to quasi
two-dimensional magnetic properties.

Several combinations of these materials with two dif-
ferent M distributed over the same crystallographic site,
and which therefore are expected to display the phe-
nomenology of frustration, have been the focus of pre-
vious studies. In addition to LuCoGaO4, LuCuGaQy,
LuMFeOy (M=Zn, Fe, Co, Cu), YbMFeO, (M=Mg, Fe,
Co, Cu), YbCuGaOy4, YbCoGaOy, as well as YbMgGaOy
have been studied.”!2723

In the series based on the nonmagnetic Lu as R
atom, the multiferroic LuFesO4 has attracted partic-
ular interest due to the observed interplay of cation
and magnetic ordering. This material exhibits two- or
three-dimensional ferrimagnetic ordering below ~240 K
depending on oxygen stoichiometry,?*?® and a charge-
ordered state below ~320 K which is thought to un-
derlie the ferroelectricity.?® The dilute case has been
most extensively investigated for LuFeMgQ,.16-18:20,21,27
LuCuGaQy, has recently been shown to display spin liquid
behavior with a gapless spin excitation spectrum down
to 50 mK,?® in contrast to expectations of spin glass



behavior based on earlier susceptibility measurements.!?
The effects of spin anisotropy on the phase transitions
have been investigated and compared for YbCoGaO4 and
LuCoGaQy, by Radelytskyi et al.. 2°
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FIG. 1. (a) Crystal structure of LuCoGaO, showing the
rhombohedral unit cell and the planar triangular bilayers in
which the Seg=1/2 magnetic moments on the Co?t ions are
statistically distributed in a 1:1 ratio with nonmagnetic Ga3™
ions. The bilayers in the ab plane are well separated along the
c axis by triangular layers composed of nonmagnetic LuOg oc-
tahedra. (b) The two faces of the bilayer shown in blue and
orange as viewed down the ¢ axis. Each face has triangu-
lar geometry on which antiferromagnetic interactions will be
highly frustrated. The two bilayer faces are staggered such
that the shortest bonds form between the cations linking the
two faces, thereby forming an undulating honeycomb lattice
(shown in red). (c) Magnetic dc-susceptibility measured on a
single crystal of LuCoGaQj4 reveals spin glass behavior below
the freezing temperature 7, ~19 K.
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With the exception of RCuGaO4 (R=Yb, Lu),'2:28
all other members of this series exhibit a splitting of
field-cooled and zero-field-cooled susceptibilities, how-
ever on very different temperature scales. The major-
ity of these materials shows no indication of magnetic
long-range order; however diffuse magnetic scattering has
been observed in neutron diffraction studies on (powder)
YFe04,'% (powder) LuCuFeOy, (powder) LuZnFeOy,
(powder and single crystal) LuFeMgO4!¢ and (powder)
LuCuGaOy as a broad peak around |Q| ~ 1.27 A~! at
low temperature.?®

The study of this family of materials has been less com-
prehensive than it otherwise would have been due to the
lack of large, high-quality single crystals. We recently
succeeded in growing high-quality samples of LuCoGaQy,
for which a single crystal X-ray structural refinement
indicates random occupation of the triangular bilayers
by Co?t and Ga?*t in a 1:1 ratio,?° placing this mate-
rial at the percolation threshold for triangular lattices of
pe=0.5.31

In our single crystal of LuCoGaQy, the splitting of the
field-cooled (FC) and zero-field-cooled (ZFC) susceptibil-

ities (see Fig. 1(c)) occurs at Ty ~ 19 K, consistent with
spin freezing or a spin glass transition. The determined
Curie-Weiss temperature Ocw ~ —100 K implies antifer-
romagnetic interactions between the Co?* moments. The
paramagnetic moment associated with this Curie-Weiss
behavior is 4.6 up, larger than the spin-only 3.87 up ex-
pected in the case of quenched angular momentum. The
Co?* moment then arises from the appropriate crystal
field splitting of the L = 3, S = 3/2 Hund’s rule ground
state, which gives a Kramer’s doublet corresponding to
Set = 1/2 after applying spin-orbit coupling, as is com-
monly the case in Co?*-based magnetic insulators.32 35

These results are consistent with previous data from
Cava et al. obtained on powder samples.'? The frustra-
tion index of f ~ 5 indicates moderate frustration. As
shown in Fig. 1(c), the susceptibility is anisotropic with
a large response for applied fields parallel to the stacking
direction of the bilayers along the ¢ axis. Interestingly,
a cusp in the ZFC/FC curves is observed for both direc-
tions of the applied field, signaling a simultaneous freez-
ing of the longitudinal and transverse spin components.
This is in contrast to the behavior displayed by most
other members of this family, for example LuFeMgOy4 or
LuFeCoQy, in which only the longitudinal susceptibility
displays freezing.2!:2" It is also different from YbCoGaOy
which is considered an Ising spin glass.?? It follows that
the magnetic nature of the Co?* ions in LuCoGaQy is
Heisenberg-like with relatively strong uniaxial single ion
anisotropy, rather than being purely Ising-like in nature.
Recent ac-susceptibility measurements?® also show a fre-
quency dependence for both field directions, and exhibit
spin glass characteristics such as activated behavior in
the form of a Vogel-Fulcher law, possible dynamic scaling
and a peak shift per decade frequency of ~0.05, consis-
teng 6With expectations for conventional spin glass behav-
ior.

II. EXPERIMENTAL DETAILS

A large, high-quality single crystal used for neutron
scattering measurements was grown at McMaster Uni-
versity using the optical floating zone technique.?” For
the crystal growth, the pre-annealed starting materials
LusO3 and GasO3 were first mixed with CoO in the
appropriate stoichiometric ratios, then hydrostatically
pressed at 60 MPa and the resulting rods were subse-
quently sintered in air at 1300°C for 24 hours. The so-
obtained polycrystalline rods were used as seed and feed
rods in the actual crystal growth, which was performed in
a Crystal Systems Inc. floating zone furnace at a growth
speed of ~ 9 mm/hour.3°

Magnetization measurements shown in Fig. 1(c) were
performed using a conventional SQUID magnetometer
at McMaster University. A small single crystal sample
of mass ~10 mg was cut from the main crystal boule
and aligned to within 3° for magnetization measurements
with the magnetic field applied parallel or transverse to
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FIG. 2. Elastic scattering maps S (Q,hw = 0) as a function of temperature obtained on the fine resolution chopper spec-
trometer SEQUOIA show the short-range antiferromagnetic spin correlations as diffuse scattering intensity at wave vectors
Q=(1/3,1/3,L) in the plane of the bilayers ((a), top row) and in the plane perpendicular to it ((b), bottom row). Rods of
neutron scattering intensity along the [0, 0, L] direction ((b), bottom row) indicate the absence of magnetic correlations along
that direction and reveal the two-dimensional character of the magnetic interactions within the bilayer planes. Short-range
correlations begin to develop at T ~ |©cw| and gradually evolve into the low temperature spin glass phase, without going
through a conventional phase transition. The data have been corrected for detector efficiency. The integration ranges for both
panels (a) and (b) are given in the text. Note that the scattering intensity around Q = 0 in panel (a) is an artefact of the
measurement that is observable here as a consequence of the finite binning range along L. This intensity is related to the
scattering from the beam stop.

the plane of the bilayers. The neutron scattering experi- III. STATIC SPIN CORRELATIONS
ments were carried out on a ~10 g single crystal sample
of LuCoGaQy using the time-of-flight chopper spectrom- ) ) ) )
eters SEQUOIA and CNCS at the Spallation Neutron The static and dynamic correlations in LuCoGaOj
Source of Oak Ridge National Laboratory.® The crys- ha\./e b(_aen studied using the time-of-flight neut}ron scat-
tal has a mosaicity of 45’ based on the full-width-half- tering instruments SEQUOIA and CNCS, which allow
maxima of the rocking curves on the (0,0,9) and (1,1,0) the sirpultaneous measurement of the four-dimensional
reflections. The sample was aligned in the (H, H, L) hor- dyr}amlc structure factor 5(Q, h‘“") over a large range C_’f
izontal scattering plane. Measurements on SEQUOIA reciprocal space in both the horizontal and vertical di-
employed an incident energy of E; = 35 meV, spinning rections. The evolution of the static correlations with
Fermi chopper 1 at 240 Hz and the bandwidth-limiting temper.atur.e taken with the SEQUOIA spectrometer is
To chopper at 60 Hz, giving an energy resolution of 1  Shown in Fig. 2.
meV at the elastic line. Data from CNCS were obtained Figure 2 a), the top row, shows the elastic diffuse
using two settings of the incident energy F;, 10 meV and scattering intensity (F=[-1,1] meV, [0,0,L]=[-2.75,2.75]
25 meV, resulting in energy resolutions of 0.3 meV and  r]y.) within the plane of the bilayers that is clearly ob-
1.0 meV at the elastic line, respectively. The sample was served to be peaked at wave vectors Q = (1/3,1/3,L).
mounted in a standard Orange cryostat with a base tem- This type of scattering has similarly been observed in
perature of ~ 1.5 K. Measurements were collected in step several samples of other members of the YbFeyO, fam-
scan mode over a range of 100° at a step size of 1° on ily,'316 principally as a broad peak centered at Q ~ 1.27
SEQUOIA and over a range of 60° at a step size of 3° on  A-1_ Such a feature is typical for antiferromagnetically
CNCS. Both sets of measurements were performed over interacting moments in a triangular geometry and sug-
a wide range of temperatures up to 300 K. gests a v/3 x v/3 local magnetic structure. In Fig. 2 b),
the bottom row, the elastic scattering in the (H, H, L)
plane is shown after integrating the data over the verti-
cal [H,—H,0] direction (and in F = [—1,1] meV). Here,



the diffuse scattering is observed as rods of scattering, a
clear signature of two-dimensional correlations in the a*-
b* plane perpendicular to the rod direction. The extent of
the rod-like scattering along [0, 0, L] implies the absence
of correlations between bilayers along ¢* and therefore
confirms the two-dimensional character of this system.
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FIG. 3. The correlation length within the plane of the bi-
layers extracted from cuts through the elastic scattering at
Q=(1/3,1/3, L) for both the SEQUOIA and the CNCS data.
The short-range spin correlations gradually develop at tem-
peratures as high as the Curie Weiss temperature at ~ 100 K
and increase to their maximum value of & ~ 6.5 — 7.5 A below
the freezing temperature T,. There is no sharp anomaly at
T,, in contrast to the observed cusp in the ZFC susceptibility,
typical for this family of materials. Note that the difference
in absolute values of the correlation length from CNCS data
for E; = 10 and 25 meV is a result of the coarser Q-resolution
at higher incident energy and a different binning range in L.
For details of the integration and fitting, see text. The error
bars are £1o.

This elastic diffuse scattering is seen to persist up
to at least 120 K, showing that a build-up of corre-
lations that will eventually freeze, develops noticeably
at temperatures as high as the Curie Weiss tempera-
ture (©Ocw ~ —100 K). The isotropic (within the a*-b*
plane) diffuse scattering profile can be well described by a
Ornstein-Zernike (Lorentzian) lineshape at all tempera-
tures, and this allows us to extract the correlation length
¢ = 1/HWHM in the plane of the bilayers as a function of
temperature, as shown in Fig. 3 for both the SEQUOIA
and the CNCS data. For the SEQUOIA data, longitu-
dinal and transverse cuts through the elastic scattering
(E = [-1,1] meV) at the six observed peak positions
were fit to Lorentzian lineshapes. The elastic scattering
was integrated along the length of the rod for [0,0, L] =
[—2.75,2.75] r.l.u.. The resulting correlation lengths were
averaged and these are shown in Fig. 3. For the CNCS
data at E; = 10 meV, the elastic scattering intensity
(E =[-0.2,0.2] meV) at (—1/3,—1/3, L) was integrated
over [0,0,L] = [-2,2] rlu. and [H,—H,0] = [-0.2,0.2]
r.l.u., while for £;=25 meV, the scattering intensity was
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integrated over E = [—1,1] meV, [0,0,L] = [-0.5,0.5]
and [H,—H,0] = [-0.25,0.25] r.l.u. at (1/3,1/3, L), and
again fit to a Lorentzian lineshape to extract the correla-
tion length. The difference in absolute values of the cor-
relation length is a result of the coarser Q-resolution at
higher incident energy and of the different binning range
in the [0,0, L] direction, which was chosen due to differ-
ent detector coverages for the two data sets at F;=10 and
25 meV.

These independent measurements are consistent and
reveal qualitatively similar behavior, showing a strong
build-up of the magnetic correlations below 100 K and
a rather gradual increase of the correlation length from
30 K towards its saturation value of £ ~ 6.5 — 7.5 A
below the freezing temperature T, ~ 19 K (indicated by
an arrow in Fig. 3). This correlation length implies a
correlated region of spins of ~ 16 A or roughly 5 unit
cells. It is noteworthy that no sharp anomaly is observed
at Ty, in contrast to the ZFC/FC susceptibility which
displays a clear cusp at the freezing temperature. This
feature appears to be common to all spin glass materials
in this family.

An alternative method of extracting an approximate
correlation length was proposed by Wiedenmann et al.
who fitted powder neutron data of LuFeMgOy4 to a model
of short-range, quasi two-dimensional correlations us-
ing the following expression for the scattering intensity

I(Q):16

1@ (@ x Y |a g2
l )

(8-

where f2 (Q) is the form factor, ¢; is the number of spins
connected to a given spin [ at distance r;, and the a; and
b; are coefficients capturing correlations between spins.

In this model, spin correlations build up for succes-
sive nearest neighbor shells within the triangular bilayer,
assuming that no correlations between adjacent bilayers
are formed. The fitting results to Eqn. 1 for powder-
averaged CNCS data at 1.8 K using E; = 10 meV are
shown in Fig. 4 for correlations within two shell radii,
rs = 5.80 A and 73 = 8.21 A (see small figure on top
right of Fig. 4). The data are best described by includ-
ing spins correlated at distances up to the 8th neighbor
shell at ~ 8 A, which is fully consistent with the above de-
termined correlation length of ~7.5 A at 1.8 K. We note
here that including correlations beyond the 8th neighbor
shell does not improve the fit any further.

This observation is similar to the result reported for
powder samples of LuFeMgQO,, for which the short-range
magnetic correlations observed as diffuse scattering in-
tensity at |Q| ~ 1.25 A~! have been described within
the above model by including correlations up to the 12th
neighbor shell, indicating a somewhat larger correlation
length in this compound.'® In the case of LuCuGaQy, in
which broad and extremely weak magnetic diffuse scat-
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FIG. 4. Powder-averaged elastic neutron data for LuCoGaQO4
at T = 1.8 K as measured on CNCS with FE; = 10 meV.
Fits to Eqn. 1 show good agreement with short-range, two-
dimensional magnetic correlations extending beyond the 5th
nearest neighbor shell at ~ 6 A. The best fit to the data
is obtained including magnetic correlations extending up to
the 8th nearest neighbor shell at ~ 8 A, fully consistent with
the correlation length determined from the lineshape analy-
sis in Fig. 3. A high temperature, 300 K data set has been
subtracted from the data as paramagnetic background, and
scattering from the sample holder at Q ~ 2.7 and ~ 3.15 A
has been excluded from the data and fit. The top right figure
illustrates how the magnetic correlations are built up in the
quasi two-dimensional shell model.'®

tering at |Q| ~ 1.2 A~ is observed in a polarizing neu-
tron diffraction experiment below temperatures ~ 50 K,
correlations involving only near-neighbor shells have been
inferred.?® Thus, the magnetic correlations in all mem-
bers of this family so far studied are very short-ranged,
consistent with the experimental observations of the |Q|-
dependent magnetic diffuse scattering.

The spin freezing process can be characterized by ex-
amining the energy dependence of the diffuse scattering
peaks at low energies. For that purpose, we have taken
cuts in energy through the diffuse peaks in our high res-
olution CNCS data (E; = 10 meV) by integrating in
[H,H,0] = [-0.5,-0.16] and L = [—0.5,0.5] r.l.u. Fits
to a Lorentzian lineshape did not prove to be useful due
to a small temperature-independent quasielastic feature
at ~0.8 meV that did not reproduce in higher-resolution
scans with F; = 2.5 meV, so we parametrize the energy
dependence by looking at the evolution of the scattering
intensities at the elastic (-0.2 < E < 0.2 meV) and the
low-energy quasielastic (0.4 < E < 0.6 meV) positions.
The results are shown in Fig. 5. One can clearly see
the build-up of scattering intensity at the elastic posi-
tion over a wide range of temperatures that reaches a
constant value below ~ T,. Simultaneously, the weaker
quasielastic scattering reveals a gradual decrease in in-
tensity as the system is cooled down to ~ T,. Both the
build-up of the elastic scattering and the simultaneous
decrease in the quasielastic scattering intensity are as-
sociated with the freezing of spin fluctuations. This is
shown in the inset of Fig. 5 for a subset of scans at rep-
resentative temperatures. The fact that this scattering
does not change below ~ T, and that the peaks appear
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FIG. 5. Energy dependence of the diffuse scattering as mea-
sured on CNCS with E; = 10 meV, integrated in [H, H,0] =
[-0.5,—0.16] and L = [—0.5,0.5] r.L.u.. The temperature evo-
lution of the scattering intensity at the elastic line —0.2 < E <
0.2 meV is contrasted to that at low inelastic energy transfers
(0.4 < E < 0.6 meV). The observed behavior is consistent
with a continuous freezing process on cooling and slowly fluc-
tuating spin correlations that freeze out below ~ T,. The
inset shows representative energy cuts of the scattering. Er-
ror bars are +1o.

resolution-limited in energy furthermore indicates that
the spins are frozen on the time scale of this measure-
ment, ~ 7 < 107!0 s, at temperatures below T,. This
slowing down of spin fluctuations over a wide range of
temperatures is typical of conventional spin glass behav-
ior.36

IV. DYNAMIC SPIN CORRELATIONS

Modern time-of-flight neutron scattering techniques
allow us to study the inelastic scattering spectrum
of LuCoGaO, over a wide range of energies and
wave vectors. To our knowledge, among this fam-
ily of LuM?*M3+0,, only the magnetically ordered
LuFe;043Y (single crystal) and the spin liquid material
LuCuGa0O4?® (powder) have been investigated in detail
by inelastic neutron scattering over a wide range of Q-E
space.

The magnetic excitation spectrum of LuCoGaQO, at
1.8 K using SEQUOIA is shown in Fig. 6(a) for scat-
tering as a function of momentum along [H, H,0]. For
this measurement, we integrated over L = [—2.75,2.75]
and [H,—H,0] = [-0.2,0.2] r.l.u.. We clearly observe
a “resonant” magnetic excitation that appears at wave
vector Q = (1/3,1/3, L) centered an energy transfer of
~12 meV, gapped by ~9 meV from the elastic line. The
excitation has a large bandwidth of ~8 meV and displays
little dispersion. Panel (b) shows a constant energy slice



a) L=[-2.75,275]r.l.u. b) E=[10, 15] meV

25 8 .
2 20! T=18K _ _
£ 3 =) =
= o S I
g =< = <
= 10 o s 0 ©
3 £ s £
g s
& 41 T=18K

01 02 03 04
[H,H,0](r.lu)

04 -02 0 02 04
[H,H,0I(r.lu)

FIG. 6. Two-dimensional resonant spin excitation observed
on SEQUOIA at 1.8 K. (a) Inelastic scattering integrated over
L =[-2.75,2.75] and [H,—H,0] = [-0.2,0.2] r.l.u. is shown.
A gapped spin excitation positioned at Q = (1/3,1/3,L) is
observed at ~12 meV. It has a bandwidth of ~8 meV. (b)
Constant energy slice within the [H, H, L] scattering plane,
integrated from E = [10,15] meV. The resonant spin exci-
tation is well localized at Q = (1/3,1/3,L) and has a clear
two-dimensional, rod-like character. Its Q-width is compara-
ble to the width of the diffuse elastic scattering.

within the (H, H, L) plane for [H,—H,0] = [-0.2,0.2]
rlu. and F = [10,15] meV that reveals the two-
dimensional character of this excitation. It appears as
an inelastic rod of scattering along the [0, 0, L] direction
at both Q = (-1/3,-1/3,L) and Q = (1/3,1/3,L).

We present the temperature evolution of this scatter-
ing as observed on CNCS using E; = 25 meV in Fig. 7.
With increasing temperature, the excitation is fairly tem-
perature independent up to ~ 32 K and then starts to
soften at a temperature scale ~ Ocw/2. It collapses by
~85 K at the wave vector Q = (1/3,1/3, L). We present
cuts through this inelastic spectrum in Fig. 8 a), the
top panel. In Fig. 8 b) the bottom panel, we show the
temperature dependence of integrated intensities at two
different energy transfers that characterize the evolution
of the scattering within the gap (F = [3.25,6.75] meV)
and the build-up of the magnetic excitation at 12 meV
(E = [8.25,16.75] meV).

The behavior of this resonant excitation clearly corre-
lates with the development of the static correlations, as
shown in Fig. 3. An onset of the static (short-range dif-
fuse scattering) and dynamic correlations (resonant spin
excitation) is observed at relatively high temperatures
just around Ocw, followed by a dramatic build-up in
correlations down to temperatures in the vicinity of the
freezing temperature T}, at 19 K, below which both static
and dynamic correlations are fully developed.

The observation of such a localized (in energy and
wave vector) excitation at relatively large energy trans-
fers raises the question about its origin. Its most natural
explanation is that it arises due to the splitting of the
Ser=1/2 Kramer’s ground state doublet of the Co?* ion
in a staggered mean exchange field. The mean exchange
field correlates with the build-up of static spin correla-
tions below ©cw, and the fact that it is centered on the
Q = (1/3,1/3, L) quasi-ordering wave vector is indica-
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FIG. 7. Temperature evolution of the resonant spin excitation
as measured on CNCS. Inelastic scattering intensity for an
integration range of L = [-2,12] rlu. and [H,—H,0] =
[-0.2,0.2] r.l.u. is shown for (a), T =2 K, (b) T =19 K, (c)
T=32K,(d)T=5K,(e) T=85K, and (f) T"=300 K. A
spin gap of ~9 meV gradually opens below ~85 K and is fully
developed below the freezing temperature T, ~ 19 K. The gap
correlates with the short-range static spin correlations shown
as in Figs. 2 and 3. Note that the data have only been
corrected for detector efficiency.

tive of the role the staggered mean exchange field plays;
it is not a single ion effect.

V. CONCLUSION

We performed the first time-of-flight neutron scatter-
ing measurements on the triangular bilayer spin glass
LuCoGaQy in single crystal form, over a wide range
of temperatures in zero field. We observe diffuse elas-
tic scattering at wave vectors Q=(1/3,1/3, L) that ap-
pears as rods of scattering along the c¢*-direction. This
is consistent with short-range antiferromagnetic correla-
tions with a correlation length ¢ ~ 6.5 — 7.5 A within
decoupled bilayers in the a* — b* plane, confirming the
two-dimensional character of this system. The energy
dependence of this diffuse scattering exhibits slowing
down of the spin fluctuations in a manner consistent
with a typical spin glass freezing process. These features
are consistent with expectations for a conventional two-
dimensional spin glass. In addition, we observe a novel
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FIG. 8. (a) Neutron scattering intensity vs energy transfer for
various temperatures shown for [0,0, L] = [-2,12] r.L.u. and
[H,H,0] = [0.1,0.5] r.Lu., using the F;=25 meV data from
CNCS. (b) Temperature dependence of the integrated scat-
tering intensity associated with the formation of the spin gap
at F = [3.25,6.75] meV (black curve), and integrated inten-
sity at the resonant excitation energy E = [8.25,16.75] meV
(blue curve), are shown to characterize the magnetic excita-
tion in Fig. 7. The spin gap and the related spin excitation
at 12 meV start to form below |Ocw| ~ 85 K and appear to
be fully developed below Ty, consistent with the evolution of
the static spin correlations. Lines are guides to the eye.

magnetic excitation which consists of a well localized,
“resonant” gapped ~12 meV spin excitation in our in-
elastic neutron scattering data. To the best of our knowl-
edge, such a resonant excitation has not been observed in
any spin glass before. We attribute this excitation to the
splitting of the Seg=1/2 Kramer’s doublet ground state
of Co?* in the presence of a staggered mean exchange
field. Appropriately, this resonant excitation softens in
energy on the temperature scale of |©cw|, at which point
the static correlations giving rise to the mean exchange
field have melted away.
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