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We have studied the spin relaxation in diluted spin ice Ho2—,Y,Ti2O7 by means of neutron
spin echo spectroscopy. Remarkably, the geometrical frustration is mot relieved by doping with
non-magnetic Y, and the dynamics of the freezing is unaltered in the spin echo time window up to
x =~ 1.6. At higher doping with non-magnetic Y (z > 1.6) a new relaxation process at relatively high
temperature (up to at least T' ~ 55 K) appears which is more than 10 times faster than the thermally
activated main relaxation process. We find evidence that over the whole range of composition all Ho
spins participate in the dynamics. These results are compared to a.c. susceptibility measurements
of the diluted Ho and Dy spin ice systems. X-ray absorption fine structure (EXAFS) spectra and
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x-ray diffraction show that the samples are structurally well ordered.

PACS numbers: 75.50Dd, 75.40Gb, 75.25+z

Frustration is a general concept in physics to describe
the effects that occur when competing interactions pre-
vent a system from settling into a unique ground state.
In magnetism, where temperature, magnetic field and
pressure are the relevant thermodynamic parameters,
frustrated systems like spin glasses have been studied
for many years. In geometrically frustrated magnets,
which are structurally well ordered, but where the spa-
tial arrangement of the magnetic moments (‘spins’) on
the lattice is incompatible with their interactions (ex-
change, dipole, anisotropy), new and unique low tem-
perature spin states have been found.'? These ground
states include the 3-dimensional, low temperature co-
operative paramagnet, ThoTi,O73, coexistence of long
range ordered and paramagnetic spins down to low-
est temperature in GdyTisO7%®, and the superconduc-
tor CdaRep07.5 The rare earth pyrochlore compounds
Dy2TioO7 (DTO) and HoyTi2O7 (HTO), commonly

known as spin ice, 7 !° have interested physicists over
the past decade.

In the pyrochlore structure (see Fig. 1) the rare earth
magnetic moments reside on a sublattice of corner-
sharing tetrahedra (on the 16d site which has trigonal
site symmetry). Frustration is created by the single ion
anisotropy which has its origin in the crystalline electric
field (CEF). In this situation, both Dy** (J = 15/2)
and Ho3" (J = 8) ions are subject to a strong local
Ising anisotropy, which aligns the moment parallel to
a local trigonal axis. Correspondingly, the single ion
ground states are in both cases doublets, with the two
states almost identical to the |M; = +J) states. For
HTO, the anisotropy gap to the first excited state is
~ 220 K.'6-18 The ferromagnetic exchange and dipole in-
teractions are much smaller, on the order of ~ 2 K,0:11
hence completely dominated by the anisotropy and frus-
trated. Globally, the interaction energies are minimized



when two spins per tetrahedron are oriented to point in-
ward and two point outward (‘ice-rule’). This is precisely
analogous to the proton disorder in water ice.!® 2! A
macroscopic ground state degeneracy results, as any state
which obeys the ice-rule for all tetrahedra is a ground
state, and the spins freeze below T" ~ 1 K in a non-
collinear disordered pattern showing only short-ranged
ferromagnetic correlations.'?

The dynamics of pure spin ice at temperatures 7' > 1 K
has been studied using a.c. susceptibility and neutron
spin echo techniques, and two important results have
emerged.?2?72% Firstly, at a given temperature only one
global spin relaxation time is found in the system. Sec-
ondly, a cross-over temperature of Ty ~ 15 K was iden-
tified where the nature of the spin dynamics changes.
At higher temperature, the dynamics consists of ther-
mally activated single spin flips between the two states
of the ground state doublet.?* On cooling below T' < Ty
the dynamics becomes independent of temperature, un-
til the time scale sharply rises again below 2 K when the
system freezes completely.?® It was suggested that in the
lower temperature regime a quantum relaxation process
is involved originating from the slowly fluctuating dipolar
magnetic field.

Introducing non-magnetic impurities often has impor-
tant effects in geometrically frustrated magnets. In the
context of pyrochlore physics, such studies have been
published by Snyder et al. for Dys_,M,Ti2O7, M=(Y,
Lu),252" and by Keren et al for the Thy_,Y,TisO7 sys-
tem.?® For diluted DTO it was found that up to = ~ 0.4
the very narrow distribution of spin relaxation times be-
comes only slightly broadened, and that the 15 K peak in
a.c. susceptibility does not shift but gradually disappears
with doping.

For our study, samples of Hos_, Y, Ti2O7 with 0.1 <
x < 1.8 were prepared by the usual solid state reaction.
X-ray powder diffraction at room temperature confirmed
the face centered cubic crystal structure. The neutron
spin echo (NSE)2?3! experiments were performed at the
IN11 spectrometer at ILL, Grenoble, and at the NSE
spectrometer at NIST, Gaithersburg. Both experiments
used a neutron wavelength of A = 6 A. In the ILL exper-
iment a multidetector was used, covering a @) range of
0.5 A1 <Q < 1.6 A~'. The NIST experiment was set
up at Q = 0.4 A~ (single detector). Instrumental reso-
lution was measured with the samples at very low tem-
perature (typically in the 100 — 400 mK range), where
it was safe to assume that all dynamical processes on the
present time scale are frozen.

Fig. 2 shows the measured intermediate scattering
function S(Q,t)/S(Q,0) of selected samples. For low
doping, x < 1.3 and lower, the measurements show a Q-
independent single exponential spin relaxation in time,
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confirming a very narrow distribution of individual re-
laxation times 7 without signs of broadening. For high

= A-exp[-t/7(T)] ,

doping, z = 1.6 and higher, we find a double exponential
relaxation. The faster component (again without appar-
ent dependence on Q) is new and will be discussed further
below. The slower component is identical to the single
process observed at lower doping. The relaxation times
of this process are independent of chemical composition
and identical to what was found earlier in pure spin ice.
This is further illustrated in the inset of Fig. 4, which
shows the inverse relaxation times 7(T) of all samples
measured by NSE.

A line fit of all available data in the temperature range
between 40 K and 200 K to

0= o (1)

yields 79 = (7.3 & 1.0) x 1073 ns, corresponding to an
attempt frequency I'y = 1/27 = (6.9 + 1.0) x 10'° Hz,
and an activation energy of A = (270 £+ 8) K, which is
about the value of the CEF splitting.

The ILL experiment also revealed that the spin dy-
namics is Q-independent (not shown in a figure). At
short times the fit curves of Fig. 2 start off at values
A ~ 1, proving that essentially all spins participate in
the dynamics. Note that, at increasing temperature, a
decrease of the susceptibility is not reflected in A because
of the normalization of S(Q,t) to S(Q,0).>* Since dilu-
tion has no effect on this process (at least up to z = 1.8),
it is straightforward to conclude that between 40 K and
200 K the spin dynamics consists of thermally activated
spin flips between the two states of the ground state dou-
blet.

We turn now to a discussion of the faster component in
the spin dynamics observed at high doping. This process
is visible up to relatively high temperature, T ~ 55 K
when non-magnetic Y occupies over 80% of the magnetic
sub-lattice. With the existing data one can conclude that
there is very little temperature dependence of the relax-
ation time (7 = 0.01 — 0.03 ns) when this process is visi-
ble, so that it does not appear to be thermally activated.
It is also clear that a relatively small spectral weight w
(w~0.05—-0.1forz=1.6, w~0.1-0.2 for x =1.8) is
involved in the signal.

The low spectral weight can be interpreted in two dif-
ferent ways. The spin may be confined to a narrow cone
around its local [111] axis, so that the individual spin
loses only little self correlation in the relaxation process
(but all spins may participate). The process may just as
well consist of real spin flips, in which case only a small
number of spins participate. These spins would have to
exist in a unique environment, for instance on the B-site
of the pyrochlore structure which is occupied by Ti. The
spectral weight w increases with increasing temperature
(see lower right panel in Fig. 2) which makes the first as-
sumption more plausible, without excluding the second.

To complement the NSE studies, a.c. susceptibil-
ity measurements have been performed on a couple of
Hos_,Y,TioO7 powder samples and on single-crystal
samples of HTO and DTO, in an external field up to



1 T, using commercially available fully calibrated mag-
netic measurement equipment. Bulk susceptibility mea-
surements probe at much lower frequencies than neutron
scattering, giving access to the dynamics of these systems
at correspondingly lower temperatures.

As Fig. 3 shows, the diluted samples beyond the per-
colation limit (Hog 7sY1.22Ti2O7) reveal the Ty ~ 15 K
peak much clearer than pure HTO. This peak was shown
to correspond to the main relaxation process seen in
NSE.2* In pure HTO the peak is not very well visible
because the attempt frequencies of the thermally acti-
vated Arrhenius and the slower quantum processes are
relatively close in this temperature range. In DTO the
same peak comes out more clearly because the quantum
process is intrinsically slower and sets in at a lower tem-
perature. Generally, the imaginary part of the suscep-
tibility also shows a second peak at lower temperature
which is much less well pronounced than the main peak.

An important result of the present work is that the
Arrhenius behavior discussed above is modified below
T ~ 20 K in the a.c. susceptibility (see Fig. 4). For fre-
quencies higher than f ~ 103 Hz in the a.c. susceptibility,
the shift of the main peak is still consistent with Arrhe-
nius behavior and a gap of A ~ 100 K. This value is sub-
stantially different than the neutron value quoted above
(270 K), possibly due to a coexistence of two processes
around 20 K with similar time scales but different ther-
mal evolution. At lower frequency the position of the
main peak in a.c. susceptibility then becomes indepen-
dent of temperature and the low temperature peak moves
out of the measurement window of our apparatus. This
indicates the existence of a quantum relaxation process
which becomes dominant at low temperature where the
thermal main process freezes and becomes inactive.

A measurement of a.c. susceptibility on diluted DTO
samples?® revealed similar complexity in this system.
The authors found a gap A ~ 210 K for low doping up to
x ~ 1.0 and an increase of the gap to about A ~ 310 K
when the doping was further increased to x = 1.98.

To confirm the local atomic structure of our samples,
extended x-ray absorption fine structure (EXAFS) spec-
tra were collected at the Ho Lir, Y K, and Ti K edges
on BL 10-2 and BL 11-2 at the Stanford Synchrotron
Radiation Laboratory (SSRL) in transmission mode on
samples with =0, 1.3, 1.4, 1.5 and 1.8 between 30 and
300 K. All samples were prepared and data reduced and
fit using methods similar to those described in Refs. 32
and 33.

The first peak in the Ti K-edge (FT) of the k3-
weighted EXAFS function x(k) [Fig. 5(a)] corresponds
to the 6 Ti-O(1) neighbors at 1.956(7) A. Note that peak
positions in such transforms include a calculable phase
shift of the photoelectron at the absorbing and backscat-
tering sites, causing, in this case, the peak to appear at
~ 1.6 A in the transform. The amplitude is proportional
to the number of Ti-O(1) pairs, as well as depending
on the distribution width of the bond lengths. These
measurements indicate that the Ti-O(1) environment is

nearly identical in HosTioO7 and the x = 1.8 sample, and
we conclude that no more than 2% of the Ti atoms are
in a different oxygen environment. The same is true of
the Y edge data shown in Fig. 5(b), except that the first
peak is a combination of two Y-O(2) pairs at 2.186(6) A
and 6 Y-O(1) pairs at 2.476(5) A, as expected from the
nominal crystal structure. These somewhat longer pair
distances cause the oxygen peaks to overlap slightly more
with the Y-Ti/Ho/Y pairs at 3.57 A, creating the slight
observed reduction in the first oxygen peak. Therefore,
the fits indicate the oxygen environment around Y in
these samples is identical within the estimated errors.

The biggest changes in the EXAFS signal are in the
range between about 2.5 and 4 A in the transform. The
main contribution to this signal is similar for all three
edges (Ho Lyj-edge data is not shown), namely each ab-
sorbing metallic atom nominally has 6 Ti, 3(2 — ) Ho
and 3z Y neighbors at the same distance (3.57 A). Be-
cause each of these atomic species has strong differences
in the backscattering phase, strong interferences occur
that create a very complicated pattern in the FT. How-
ever, as shown in Fig. 5(b), these data are nevertheless
fit very well by the nominal model. The Y K-edge data
are particularly sensitive to the relative fraction of Ho
and Y species in this scattering shell, and we obtain a
result that agrees with the nominal concentration within
5%. These data therefore indicate that the Y and Ho
atoms are very well mixed within these materials, with
little if any clustering of the substituting species. Taken
together with the Ti edge result mentioned above, these
data rule out any significant (2 5%) subset of Ho atoms
on Ti sites. The results from the Ho edge data, while less
constraining, agree with this deduction, and we therefore
rule out any phase impurity of this kind on the scale of
the 10-20% spectral weight necessary to explain the fast
component of the xt=1.8 NSE data with a lattice mecha-
nism.

To conclude, we have found remarkably little effect of
doping (up to 90%) with non-magnetic Y on the dynam-
ics of HopTioO7. The Ho3" ion experiences little change
in the crystal field, and its spin dynamics is unaltered.
The distribution of individual spin relaxation times is
very narrow and independent of the doping. All spins
participate in the dynamics. At the highest Y doping,
another fast relaxation mechanism appears with a small
weight in the neutron scattering data. EXAFS shows
that this process is not due to dislocated Ho3" ions on
the Ti-site, hence it is intrinsic to the Ho-site. It cannot
fully relax the spin, so it appears to be a ‘wobble’-like
relaxation process of the spin in a narrow cone. Sus-
ceptibility measurements show that at low temperatures,
where the dynamics is too slow for the NSE technique,
the Arrhenius behavior is masked by another dynamical
process with very little temperature dependence.
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FIG. 1: The rare-earth sublattice of corner-sharing tetrahedra in the pyrochlore structure.

|||||||""| 1 ||||||L""| 1 |||||||IIII
10 L Kt —
i , .
= 08| ‘ ol
o - _
1753 0.6 - ]
=~ - 150 K -
s " ILL E
5 B i
o2 9 .
- Hog ,Y46T1,0; * 7
0-0_|||||||....| L | 11 o
4 68 2 4 68 2 4 68 2

0.01 0.1 1
10 |+||||+' '+" J.IT‘I ‘I IJ.Illl:"'IL5|K+| LI ||| ""'I 10 _I |||||| LI | 1 1 |||||L""2| KI 1 ||+|||| '+"_
N NETE R TSARNE RS 11 : e
8 0.8 |+ ) + a 8o — 0.8 |- + ¢ +—
= | ¢ w \\ K | ; [] _
= | ¢ T 0.6 _
2 06 i 60K + \_ " | 100K _
= 04} 40K — 0.4 —
S s N - [ (L) ]
021 Ho .Y, .. Ti,O N 021~ Ho, Y, Ti,0 N
| H0gg5Y4 151,07 I | F0p Yy g 11,07 i
00 ] ||||| | 1 1 |||||| | 1 AT NN A 00 | |||||| raaal 1 1 |||||| ol 1 1 1 " 1
4 68 2 4 6 8 2 4 6 8 2 4 68 2 4 68 2 4 68 2

0.1 1 10 0.01 0.1 1

Time (10° s) Time (10° s)
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