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Quantum and thermal spin relaxation in the diluted spin ice Dy,_,M,Ti,O; (M=Lu,Y)
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We have studied the low-temperature ac magnetic susceptibility of the diluted spin ice compound
Dy,_,M,Ti,O;, where the magnetic Dy ions on the frustrated pyrochlore lattice have been replaced with
nonmagnetic ionsM =Y or Lu. We examine a broad range of dilutionss=<1.98, and we find that th&é
~ 16 K freezing is suppressed for low levels of dilution but re-emergegfo0.4 and persists tv=1.98. This
behavior can be understood as a nonmonotonic dependence of the quantum spin relaxation time with dilution.
The results suggest that the observed spin freezing is fundamentally a single spin process that is affected by the
local environment, rather than the development of spin-spin correlations as earlier data suggested.
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I. INTRODUCTION trated antiferromagnet with a layered kagomé struétffe
has been studied extensively as a function of the concentra-
Geometrically frustrated magnetic materials, in which thetion of the Cr ions relative to nonmagnetic Ga. While not
lattice geometry leads to frustration of the spin-spin interacpossessing the level of disorder traditionally associated with
tions, display a variety of interesting magnetic behavid®$.  spin glasses, SCGO displays a spin glass transition at low
particular recent interest are the rare-earth pyrochlores spiemperaturegT;~5 K < 0~ 500 K), which is associ-
ice materials such as BY¥i,0;, Ho,Ti,O;, and  ated with the geometrical frustration inherent to the kagomé
Ho,Sn,0,.27¢ In these materials the lattice geometry and|attice. Dilution is expected to have a significant impact on
spin symmetry lead to frustration of ferromagnetic and dipo-such a strongly frustrated system, and ind&géth SCGO is
lar interaction$’~2°and an unusual disordered ground statestrongly reduced by dilutio”’:2® decreasing by~32% for
that has been demonstrated experimentally through neutrog=2 (~25% dilution).
scattering studi€s®'4 and through measurements of the In the present study, we use ac magnetic susceptibility to
magnetic specific hedt> and the ac magnetic probe the nature of the Dy spin relaxation as a function of
susceptibility® While the spin entropy only freezes out be- dilution in both the thermal and the quantum spin relaxation
low Ti,e~4 K in Dy, Ti,O7, ac magnetic susceptibility stud- regimes. We find that thd@;~ 16 K spin freezing is sup-
ies show a strongly frequency-dependent spin-freezing gressed for low levels of dilution but re-emerges or 0.4
T;~16 K,>” below which the high frequency susceptibility and persists ta=1.98. This behavior is reflected in the spin
(f>100 H2 is suppressed. Because of the high degree ofelaxation time, which appears to increase monotonically
structural and chemical order in this material, the Dy spinswith dilution in the thermally activated regime while it has
respond to external fields with a very narrow distribution of distinctly nonmonotonic behavior in the quantum relaxation
spin relaxation times around a single characteristic relaxatiopegime.
time 7. While «(T) is thermally activated forT> T s

(where Tg s~ 13 K), below T 7(T) exhibits relatively Il EXPERIMENTAL RESULTS
weak temperature dependence due to a crossover from ther-
mal to quantum spin relaxatidf>1® Neutron spin-echo Polycrystalline powder samples of RyM,Ti,O;

studies suggest that all of the spin dynamicsTor T, are ~ samples were prepared using standard solid-state synthesis
associated with single spin proces8eshile dilution studies techniques described previous? We used nonmagnetic
over a limited range of dilutichsuggest that spin-spin cor- ions,M=Y and Lu, which have nearly the same ionic radius
relations are important even at these high temperatureas Dy. X-ray diffraction demonstrated the samples to be
(which are well above the energy scale of the spin-spin insingle phase with the pyrochlore structure. We studied the
teractions. magnetization as well as the real and imaginary pgrtand

To further study the spin dynamics of the spin ice systemy”) of the ac susceptibility(x,o) using a Quantum Design
we have diluted the magnetic sublattice by replacing magMPMS superconducting quantum interference device mag-
netic Dy** ions with nonmagnetic ¥ and LU#* ions. In  netometer and the ACMS option of the Quantum Design
doing so, we extended previous studies of diluted spint@we PPMS cryostat, respectively.
a much broader range of dilutions, examining,QW, Ti, O Curie-Weiss fits to the high temperature dc magnetization
for 0=x=1.98(i.e., between a complete magnetic lattice toyielded the effective moment per ion for all samples studied
1% filling of the lattice with magnetic DY ions). Dilution  to be consistent witll=15/2 Dy** ions. To confirm that
studies of other geometrically frustrated magnets have lerdilution did not alter the single-ion anisotropy, which is es-
considerable insight into the nature of the low temperaturesential to the spin ice ground state, we measured the satura-
behaviorl-2*For example, SrGr,Ga,.,019 (SCGO, afrus-  tion magnetization. In the pure sample, the crystal-field-
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FIG. 1. Magnetization as a function of applied field for FIG. 3. The real part of the ac susceptibility of Dylu,Ti,O;

Dy,_Y,Ti,O; with values ofx from 0 to 1.98 at a temperatuie ?s a _ftl_mCt.'or.‘ Otf tlclemperature aé a f:je?# ency ﬁf L k';Z‘ _:-hhe free2|_n Y
=1.8 K. All samples show saturation at a value of approximatelydr_?nsI |0nf|sh|n|5a y_suppr_ehsie and then enhanced with Increasing
5 ug/Dy indicating that the crystalline field anisotropy is not llution of the Dy sites with Lu.

changed by dilution. on the time scale of the measurement; i.e., that the spin re-

laxation time is longer than the inverse of the frequency of

induced anisotropy reduces the saturation moment to be hdlfie ac measurement. The appearance of this freezing tem-
the free ion valué?® which would presumably be changed perature is sharply suppressed with dilution of the Dy up to
systematically with dilution if the anisotropy were altered by x=0.4 as we have reported previouslguggesting that the
the dilution. As can be seen in Fig. 1, the saturation momenifireezing is a cooperative effect. Our data, which go to higher
is essentially unchanged with dilution, demonstrating that dilevels of dilution, show, surprisingly, that the freezing tran-
lution does not measurably alter the anisotropy of thesition is re-entrant in dilution; i.e., rather than being further
systemt® suppressed with increasing dilution far>0.4, it becomes

Figures 2—4 show the measured temperature-dependent sicikingly more pronounced as the dilution is increased. Fur-
susceptibility of samples across our range of dilution withthermore, the freezing temperature increases with higher
both Y and Lu at a characteristic frequency of 1 kHz. Thedilution—up toT;~21 K for x=1.98 at this frequency. This
undiluted sample shows the previously observed freezinge-entrance of the freezing transition is seen for both Lu and
transition, as indicated by a drop yi(T) and a correspond- Y dilutions, as shown in Figs. 2 and 3, although there are
ing rise iny"(T) at T;~ 16 K (T; depends on the frequency differences between samples diluted with the two different
of measurement, as discussed beléWwThe drop iny/(T)  ions, as shown in Fig. 4.
indicates that the spins’ dynamic response is slowed such We can also characterize the effects of dilution by fitting
that they cannot respond to the time-varying magnetic fieldhe frequency dependence of the freezing temperature to an
for T<T;. This implies that the system is out of equilibrium 3
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FIG. 2. The real and imaginary parts of the ac susceptibility of
Dy,_Y,Ti»O; as a function of temperature at a frequency of 1 kHz.  FIG. 4. Comparison of the freezing transitions between Lu- and
The freezing transition is initially suppressed and then enhanced-doped samples at 1 kHz. While there are differences between the
with increasing dilution of the Dy sites with Y. two, the trend with dilution is similar.
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FIG. 5. Arrhenius law fits of the freezing temperature depen-
dence on frequency for a range of diluted samples of_ [, Ti,O;
and Dy,_,Lu,Ti,O;. The values of the freezing temperature are ob-
tained from the minimum in the slope qf, which corresponds to
the maximum iny’. The inset shows the resulting fit parameters as
a function ofx, indicating that the energy barrier for thermal relax- — 020
ation increases substantially with dilution. Squares sligwand 3
circles showf, with open symbols for Y-diluted samples and filled
symbols for Lu-diluted.
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Arrhenius law,f=f,e Ea%eTr whereE, is an activation en-
ergy for spin fluctuations antl, is a measure of the micro-
scopic limiting frequency in the system. We plot such data in
Fig. 5, and we find thaE, is of order the single ion aniso-
tropy energy andy is of order GHz, both physically reason-
able numbers for individual spin flips. The fitted valuesqf
andfy are given in the inset to Fig. 5, and it is notable tBgt
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FIG. 6. Frequency dependence ¥f for Dy,_,Y,Ti,O; in ap-
. . o ! . plied fields of 0, 5, and 10 kOe at 12 K. Note the double-peak
increases substantially with increasingespecially at larger nature of the data at 5 kOe, which demonstrates the combination of

values ofx. Given the correspondence iBf to the single-ion  ermal and quantum spin relaxation processes that are active at this
anisotropy, the dependence B on dilution suggests that emperature.

the slight change in the lattice constants or electronic struc-
ture associated with substitution on the Dy site result in aacterize the evolution of(T), and these data have previously
change in the crystal-field level spacing, which effectivelybeen analyzed to demonstrate the crossover from thermal to
changes the magnitude of the single-ion anisoti@iyhough  quantum spin relaxation beloW,.ss~ 13 K in the undiluted
not its qualitative charactgrindeed, x-ray diffraction studies sample'®16
of the diluted series indicate that the lattice parameter de- The y”(f) data show a single clear peak in zero fighiy.
creases monotonically with dilution, which is consistent with6(a)], but application of a field of 5 kOe results in a double-
the rise inE,. peak structure tg’(f) nearT,,ss[Figs. &b) and 7a)].*> This
Another method of parameterizing the spin response telouble peak apparently corresponds to the two relaxation
the time-dependent ac magnetic field is through themechanisms—a phenomenon which is enhanced by dilution,
Casimir—du Pré relatid which predicts, for a single relax- as can be seen in Fig(5 The double peaks are quite sur-
ation time 7, that y"(f) =f{ (xy—xs)/(1+f27)], wherexr is  prising since we expect only a single peak corresponding to
the isothermal susceptibility in the limit of low frequency whichever relaxation mechanism is fastguantum or ther-
and xs is the adiabatic susceptibility in the limit of high mal). The application of a 5 kOe field apparently suppresses
frequency. Data of this sort are shown in Fig. 6 for differentthe quantum tunneling of some of the spiepending on
levels of dilution in magnetic fields of 0, 5, and 10 kOe. We orientatior due to the increased splitting of the spin states in
have previously demonstrated that measurements of the uthe field. These spins relax thermally instead, and the two
diluted sample fit the above form &t 16 K fairly well, with  relaxation mechanisms produce the double-peak structure in
only a slight broadening at lower temperatuté®® Note  y”(f). When the field is increased much higher, as seen in
that this behavior is in sharp contrast to that in other densegig. §c), the quantum relaxation is more strongly suppressed
magnetic systems exhibiting glass-like behavior, in whichfor most of the spins, since the final and initial states are
the peak typically spans several decatle®’ Since they”(f) farther separated in eneréfy.
data display clear maxima, we can use these data to obtain a The evolution of the double-peak structure with decreas-
characteristic spin relaxation timg where 14 is the fre-  ing temperature is shown in Fig. 7. While the two peaks are
quency of the maximum ily’(f) at a given temperature. The only slightly separated for the undiluted sample dia.
changing peak position with temperature allows us to char7(a)], thex=0.4 sample data show two distinct peaks over a
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i# g T | in nonmagnetic Stycast 1266 epoxthe potted sample

0.20 | shows little difference from the loose powder sample in zero-
_ field datal®) Since the epoxy is expected to have a consid-
2 o5t erably larger thermal contraction coefficient than the pyro-
GE, chlqre compounds, the epoxy potted material will be
Q 0.10 subjected_ to pressure at low temperature. The' resultant
E A changes in the data from the epoxy-potted material further
= suggest that some of the differences between the diluted and
= 005}k Dy2Ti207

the pure samples are due to chemical pressure associated
13K with dilution of the lattice with the nonmagnetic ions. As in
the case of the applied pressure from the epoxy’s thermal
contraction, this chemical pressure can affect both the pho-
non spectrum and the crystalline field that determines the
tunneling barrier between spin states.

As mentioned above, we can use the maximg/iff) to
obtain a characteristic spin relaxation timewhere 1 is
the frequency of the maximum ig’(f) at a given tempera-
9K ture. In Fig. 8, we plot«(T) for samples with a range of
dilutions in magnetic fields of 0, 5, and 10 kOe. In cases in
13K which y’(f) displayed two maxima, both are plotted in the
figure, and points are not shown for temperatures where
X'(f) did not show a maximum in our frequency range.
There are three clear temperature regimes to the data. At high
temperatures, the relaxation time appears to be activated, as
expected for a thermally driven process. Beldw T, the
temperature dependence becomes much weaker, as the pri-
mary relaxation mechanism becomes quantum mechanical. A
s o 9K - strong temperature dependence re-emerges at the lowest tem-
005 | 2 Dy.Ti.0 o 10K peratures, an effect that has been associated with the devel-
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Y _ feature in the undiluted sample data is the sharp decrease of
10 100 1k 10k 7(T) on cooling nearTg,s at 5 kOe, since one ordinarily
Frequency [Hz] would not expect the relaxation time to shorten as the tem-
perature is lowered. This apparent decrease is an artifact of
the way we obtain the values of Since we take from local

FIG. 7. Frequency dependence gf in an applied field of

5 kOe, showing the evolution of the peak shape with decreasingn . S ) :
. xima iny”(f), mperatur nd fields where there i
temperature belowW,,ss (@) The undiluted sample shows a broad- axima inx"(f), at temperatures and fields where there is a

ened peak foT=11 and 12 K, indicating the presence of two un- crossover from thermal_ to quantum spin relgxation, there can
derlying relaxation mechanism&) The sample withx=0.4 shows be an apparent jump ia(T) when the maXImum SW'tCheS,
a clear double-peak structure corresponding to the two reIaxatioPetWeen the therma_ll and quantum requatlon frequengles.
mechanisms(c) An undiluted sample potted in epoxy shows much 1he data from the diluted samples in which both relaxation
the same behavior as the diluted sample with two clear peaks. Mechanisms yield maxima for some range of fields and tem-
peratures confirm that the sharp decrease(i) can be at-
broad range of temperatufBig. 7(b)]. The temperature de- tributed to this crossover effect.
pendence of the peak positions for this diluted sample pro- The data in Fig. 8 demonstrate that there is a nontrivial
vides evidence that the two maxima in the data should belependence of the relaxation time on dilution in this system,
associated with quantum and thermal relaxation processess could have been deduced from the nonmonotonic dilution
The higher-frequency peaks for the 0.4 sample are at ap- dependence of the spin freezing transition. This dependence
proximately the same frequency at each temperature in thie shown explicitly in Fig. 9, in which we plot(x) at tem-
figure, as expected for quantum spin relaxation. By contrasperatures off =5, 11, and 16 K in zero magnetic field and in
the lower-frequency peakindicated by the vertical arrows different fields atT=16 K. These data show thafx) rises
clearly show a decrease in the peak frequency with decreasdmost monotonically with increasing nonmagnetic dilution
ing temperature as expected for thermally induced spin refor T=16 K, which is aboveTs, and the rise is strictly
laxation. The difference between the diluted samples and theonotonic for the nonzero magnetic fields. By contrast, for
undiluted sample in the structure gf(f) is difficult to ex-  the two lower temperatures, which are beldyy,s, 7(X) de-
plain without a detailed analysis of the microscopic physicscreases initially with dilution of the full magnetic lattice, has
since spin relaxation depends sensitively on the energy statas minimum nearx=0.5 (we note for reference that at
of the Dy ions. Curiously, as seen in Fidgcy, a quite similar  =0.5, each tetrahedron has on average one corner replaced
enhancement of the double-peak structure is observed Wwith a nonmagnetic iop and subsequently increases with
powder samples of the undiluted compound that were pottethcreasing dilution up to the largest values xfwhere 7
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remained within the frequency range of our measurement The explanation for this highly unusual re-entrance of the
apparatus. spin-freezing transition can be found in the data of Fig. 9,
which shows the spin relaxation time initially decreasing

1. ANALYSIS AND DISCUSSION with dilution (which would naturally suppress the spin freez-

group (for x<0.4) showed the freezing transition disappear_The energy barrier for spin flips increases with dilution, as is

ing with dilution and thus suggested that the transition Wa%ewdenced by bf)th the mcreasmg valueEi(x) we optam
associated with spin-spin correlatichghe present data, from the Arrhenius law data of Fig. 5 gnd from the increas-
showing the re-emergence of the freezing transition with in{ng value of(x) we observe aT=16 K in the presence of a
creasing dilution and its presence up to 99% dilutipe., ~ Magnetic field. In both of these cases, the data are dominated
x=1.98), imply instead that the freezing is fundamentally aby thermal processes, and thus the physical interpretation of
single-ion phenomendhakin to a superparamagnetic block- @ barrier increasing with dilution is unambiguous. This in-
ing transition(albeit a phenomenon affected by the spin-spincreasing barrier is presumably due to changes in the crystal-
interactions, as described belpw field splitting associated with changes in the lattice constant
or the electronic structure resulting from the dilution. In fact,
: —— — at lower temperatures at which spin relaxation occurs
Dyz_xYxTi207 A s through quantum tunneling, the large barrier of the very
. 3 highly diluted samples makegx) unobservably longFig.

10°

= 1 3 . . . . . . . .
g 10 Heo 8). The increasing barrier with dilution explains the increase
- i ./_;_T:sK ] in 7(x) for largerx, even at lower temperatures, at which the
® 10 ¢ _/-/ +¥=:;§' spin relaxation is through quantum tunneling.

£ —— 1= 3

The increasing energy barrier for spin flips with dilution
does not, however, explain the decrease at smaller values of
X. As can be seen in the inset to Fig. 8, the quantum spin
relaxation is sensitive to magnetic field. This is presumably
due to the effects of aligning and separating the energy levels
of different spins states through the Zeeman term in the spin
Hamiltonian. As the magnetic lattice is diluted, the local
fields felt by each Dy spin will presumably be reduced, thus
increasing the degeneracy of the different spin states and
consequently reducing the spin relaxation time. The exis-

FIG. 9. The characteristic spin relaxation time as a function ofténce of the minimum in-(x) at x~0.4 does not have an
dilution for Dy,_,Y,Ti,O; at T=5, 11, and 16 K in zero field, and at Obvious physical significance other than corresponding to the
H=0, 5, and 10 kOe af=16 K. A minimum is evident neak  point where there exists a crossover between the two com-
=0.4 for low temperatures and small fields. peting effects onr(x).
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IV. CONCLUSIONS portance of dilution as a tool with which to probe these sys-
tems, since the dilution dependence clearly elucidates the

In summary, studies of the nearly full range of nonmag-complex nature of the spin relaxation processes in this im-
netic dilution of DyTi,O; provide evidence that the spin portant model system.

relaxation near the classical to quantum crossover tempera-
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