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Dirty spin ice: The effect of dilution on spin freezing in Dy, Ti,O,
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We have studied spin freezing in the diluted spin ice compoungl P, Ti,O; where the nonmagnetic Y
ions replace the magnetic Dy ions on the frustrated pyrochlore lattice. Magnetic ac and dc susceptibility data
are presented with an analysis of relaxation times for dilutionx=eD, 0.1, 0.2, and 0.4. Site dilution
apparently decreases the relative number of spins participating in the icelike freezing near 16 K while leaving
the freezing temperature unchanged. Correspondingly the distribution of relaxation times associated with the
freezing is broadened only slightly with increasing dilution, suggesting that the freezing process observed near
T=16 K involves the development of local correlations among the spins.
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Geometrically frustrated magnetic materials, in which thecomplex thermodynamics of ice as well as the more general
topology of the spin lattice leads to a frustration of the spin-consequences of frustration in the limit of low disorder.
spin interactions, have recently been demonstrated to com- Here we report a study of this spin freezing in the diluted
prise a class of magnets displaying unique cooperative spigpin ice compound Dy ,Y,Ti,O; where we introduce con-
states-? Although geometrical magnetic frustration has beentrolled disorder by substituting nonmagnetic Y ions for the
most extensively studied in materials with antiferromagnetic]=15/2 Dy** ions on the frustrated pyrochlore lattice. We
nearest-neighbor interactions, the effects of strong frustratiofind that such a dilution decreases the relative number of
have also been found in the so-called “spin ice” materialsspins participating in the icelike freezing while leaving the
(such as DyTi,O;, Ho,Ti,0;, and H@SnO,) (Refs. freezing temperatureT;~16 K, and its frequency depen-
3-12, in which ferromagnetic and dipolar interactions candence unchanged. Correspondingly the distribution of relax-
be frustrated®'® The spins in these compounds are gov-ation times associated with the freezing is broadened only
erned by the same statistical mechanics as the hydrogen atightly with increasing dilution, suggesting that the freezing
oms in the ground state of ordinary hexagonal (¢8.1’~1°  processes are essentially unchanged by such dilution. The
In ice, oxygen ions reside at the center of tetrahedra with tw@ombination of these observations strongly suggests that the
of the four nearest hydrogen iofisrotons situated closer to  spin freezing transition af ~16 K is cooperative in nature
it that the remaining two, as shown in Figial In spin ice  and involves the development of short-range spin-spin corre-
materials, the magnetic rare-earth ions are situated on a la@tions.
tice of corner-sharing tetrahedra, and their spins are con- Polycrystalline Dy_,Y,Ti,O; samples were prepared us-
strained by crystal-field interactions to point either directlying standard solid-state synthesis techniques described
toward or directly away from the centers of the tetrahedra, apreviously’ with x=0, 0.1, 0.2, and 0.4. The resulting pow-
shown in Fig. 1b). To minimize the dipole and ferromag- der was pressed into pellets from which pieces were cut to
netic exchange interactions, the spins on each tetrahedraneasure. X-ray diffraction demonstrated the samples to be of
must be oriented such that two spins point inward and twa single structural phase, and Curie-Weiss fits done to the
point outward in exact analogy to the protons in ice. high temperature susceptibility were consistent with 1

The spin ice state has been demonstrated experimentallv
through neutron-scattering studi¢é?° and also through
measurements of the magnetic specific heat, which yield &
measured ground-state entropy in good agreement with th
theoretical prediction for the “ice rulestfirst codified by
Pauling and experimental results for iéé”'° While the  © = 0>
spin entropy only freezes out below~3 K in Dy,Ti,O,, s =W
magnetic susceptibility studies show a strongly frequency-
dependent cooperative spin freezingrat 16 K,2° and then A .
a sharp drop aff~2K.2! In contrast to traditional spin (@ Ice (b) Diluted Spin Ice

glasses, thel~16 K spin-freezing transition is associated g 1. schematic representation of frustration in water ice and
with a very narrow range of relaxation times, and, rather thanyi jce (a) In water ice each hydrogen is close to one or the other
quenching the spin freezing as in spin glasses, the applicgt its two oxygen neighbors, and each oxygen must have two hy-
tion of a magnetic field is found to enhance the spin icegrogen ions closer to it than to its neighboring oxygen atofios.
freezing. The dynamic spin ice freezing in y,0; is  with its ions restricted to point either directly toward or away from
therefore a rather unusual example of glassiness in a maghe centers of the tetrahedra, spin ice mimics the same frustration.
netic system. Due to the purity of the system, it provides arThe open circle represents a site dilution where a yttrium atom has
excellent venue in which to study a simplified model of thereplaced one of dysprosium.
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Dy** ions. To examine the development of the magnetic
ground state of diluted spin ice, we study the magnetization
(M) and the resultant dc susceptibilityy=dM/dH) as
well as the real and imaginary partg’ and x”) of the ac 6
susceptibility (v, as a function of temperature. The dc sus-
ceptibility measurements were performed with a Quantum
Design MPMS SQUID(superconducting quantum interfer-
ence devicemagnetometer, and the a.c. susceptibility mea-
surements were made with the ACMS option of the Quantum
Design PPMS cryostat, calibrated with DyO.

Magnetic site dilution reduces the number of complete
tetrahedra and hence changes the local magnetic landscape. 0
As can be seen in Fig.(h), by removing a single spin from
the complete Dy sublattice, two tetrahedra are broken and six 201 dM/dH
Dy spins are left underconstrained. The extended effect of a
single nonmagnetic impurity suggests that a relatively low
level of dilution would affect the nature of frustration, chang-
ing the number and types of relaxation processes available to
the spins and also the freezing temperature. For this reason,
dilution studies of antiferromagnetic geometrically frustrated
magnets have been the focus of considerable recent 05
attention?=2* In particular, SrCs_,Ga;.O19 (SCGO, a %
frustrated antiferromagnet with a layered kagome 0.0} R 33,:33;3,5_”9_«!««”
structuré>?® has been studied extensively as a function of 0 5 10 15 20 25 30
the concentration of the Cr ions relative to nonmagnetic Ga. Temperature [K]

While not possessing the level of disorder traditionally asso-

ciated with spin glasses, SCGO displays a spin glass transi- FIG. 2. Temperature dependence of the real and imaginary parts
tion at low temperaturesT{< 0 s~ 500 K), which is as-  of the magnetic susceptibility” and x") of Dy, gY o Ti,O; in the
sociated with the geometrical frustration inherent to the2bsence of a dc magnetic field.

kago.m'elattice. Dilution would be expected to have a signifi— sample andk=0.4. Furthermore the rise iy” at T; de-

cant impact on such a strongly frustra_ted_ syg;[em, and_lnde eases over 40% from the pure to the 0.4 sample, indi-

Ty in SCGO s strongly reduced by dilutidft*® decreasing  cating a reduction in absorption associated with the freezing
by ~32% forx=2 (~25% dilution. rocess. Both of these changes are reflected at other frequen-

In Fig. 2 we show the temperature dependent susceptibikies as well, and they indicate that fewer spins are participat-
ity of Dy, gY2Ti,O; as a function of frequency to demon- ing in the spin freezing &f; as the Dy sublattice is diluted.
strate the freezing phenomena typical to all the samples. Wehis implies that theT~ 16 K freezing is a collective phe-
find that 4. increases monotonically with decreasing tem-nomenon associated with the development of spin-spin cor-
perature as expected for a paramagnetic system with no spielations, rather than a single-ion effect which would not be
freezing. Whiley' (T) is virtually identical toyq at our low-  affected by dilution.
est frequency, as noted previou$f/at higher frequencies Despite the strong reduction in the magnitude of the sig-
x'(T) has a sharp decreaseTat-16 K, deviating well be- nature of freezing, the freezing process itself appears to be
low xg4c. This sharp drop leads to a local maximumyih(T) relatively unchanged in character by the dilution. The freez-
correlated with a sharp rise ip”(T) at a “freezing” tem-  ing temperaturel;, as determined by the minimum in the
peratureT; which increases with frequency. This feature is aderivative of x”, is unchanged to within~2% across the
common signature of a glass transition in both structurabpan of dilutions. We can also fit the frequency dependence
glasses and spin glasses, and it is also observed in the dieleaf- the freezing temperature to an Arrhenius law,
tric permittivity of ice (which directly probes the local pro- =f,e Fa’keTt whereE, is an activation energy for fluctua-
tonic motion.?® The drop iny’(T) indicates that the spins’ tions andf, is a measure of the microscopic limiting fre-
dynamic response is slowed such that they cannot respond tpuency in the system. We plot such data in Fig. 4, and we
the time-varying magnetic field foF<T;. This implies that find thatE, is of order the single ion anisotropy energy and
the system is out of equilibrium on the time scale of thef is of order MHz, both physically reasonable numbers for
measurement, and thus that the observed properties depeimdividual spin flips. Furthermore, the values Bf and f
on that time scale—a classic signature of glassiness. (shown on the plgtdo not vary systematically across the

Figure 3 displays the real and imaginary parts of the adilution series, andE, is actually constant to within a few
susceptibility as a function of temperature for the differentpercent. This suggests that magnetic site dilution has little
yttrium concentrations at a frequency of 1 kHz. These plotdmpact on the mechanics of the spin freezind at16 K, but
clearly show the suppression of freezing through dilution,simply acts to reduce the number of spins that participate in
since the drop iy’ atT; almost disappears between the purethat transition.
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for thex=0 sample demonstrates the narrow range of relax-
ation times in the pure systefrNote that this behavior is in

FIG. 3. Temperature dependence of the real and imaginary part%harp contrast to that in other dense magnetic systems exhib-

of the magnetic susceptibilitgy’ and x”) of Dy,_,Y,Ti,O; at 1

kHz and in the absence of a dc magnetic field.

iting glasslike behavior, in which the peak typically span
several decade$ 3 Notably, the peak is broadened only
slightly in the diluted samples: the full width at half maxi-

Another method of parameterizing the spin freezing isMUM reaches only about 1.4 decades in frequency—stil

through the Casimir—du Prelatior?® which predicts, for
single relaxation timer, that x"(f)=f(xt—x9/(1
+27%)] where yt is the isothermal susceptibility in the
limit of low frequency andys is the adiabatic susceptibility
in the limit of high frequency. We see in Fig. 5 that our data
fit such a form aff =16 K fairly well for all of the samples

a Juite close to the theoretical expectation of 1.14 decades for
a single relaxation mode. This slight broadening is further

evidence, however, that tie~ 16 K freezing is not a single-

ion effect but rather that spin relaxation near that temperature
is dependent on spin-spin interactions. The broadening of the
peak can be also be parametrized by assuming a range of
relaxation times, as has been demonstrated in dielectric
materials>* which is planned for a future studyThe quality

T T T T T T T
10} Dv. YTiO of the fits can be examined further by a Cole-C@egand
i Yox T 112%7 plot of x’ vs x” (Fig. 6). For thex=0 sample, this is a close
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FIG. 6. Cole-Cole plot of the susceptibility data at several fre-
quencies aff =16 K. The semicircular character of the plot dem-

FIG. 4. Measurement frequency vs the inverse of the freezingnstrates the narrow distribution of relaxation times around a char-
temperature with fits to an Arrhenius law. The resulting fit param-acteristic relaxation time. A flattening of the circle is evidence of a
eters(fo andE,) are also shown. slight broadening in the relaxation time distribution.
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approximation of the theoretically expected semicircle correquite different from the spin-glass-like transition observed in
sponding to a single relaxation mode for the pure safifile. the geometrically frustrated antiferromagnet, SCGO, where
does deviate more from semicircular behavior with addedl; is strongly affected by dilution. Since the spin-spin corre-
dilution (although still not approaching the several decadedations in SCGO are also fairly short-rarigé’ the distinc-

of breadth seen in traditional spin glass@he characteristic tion appears that in Dyli,0;, the freezing afl; represents
relaxation time, identified as the peak i in this represen- the development of only nearest-neighbor correlations, and
tation, can be seen to shift slightly to shorter times, from 0.3hat longer range freezing occurs entirely at a lower
ms in the pure sample to 0.2 ms in tke: 0.4 sample. This €mperature—presumably~2 K where the entropy is ob-
result indicates a somewhat faster relaxation processes in t§&7Ved to freeze out. o _ _

diluted samples, which is consistent with a reduction in the_ 1€ Presence of two distinct features in fhr) is per-
local constraints on the spins. The rather small magnitude gf2PS the most interesting aspect of the spin-ice freezing

; Ti,O;, and is not seen in the other well-established spin
21127
g}g 222225 ﬁ;%%?ﬁzhggﬁﬁ};mﬂe relaxation process;lcé material HgTi,O,.?! It has been suggested that only the

The combined data yield two major results: dilution SUIO_Iower—temperature feature represents freezing into an icelike

th itude of the f ing feat in th spin state because it is closer in temperature to the freezing
presses the magnitude of e Ireezing features in the SUSCEPF he pagt capacity and the fact that no anomaly is seen

tibility,_but the_ guantitative parameters which cha_rac_terize(,ibo\e 2 K in the desusceptibility® Since dilution affects the

the spin freezing, €.gTy, Ea, and the characteristic ime 116 K feature, we believe that feature cannot correspond
scales associated with the dynamics, are essentially ungfs 5 single-ion effect, but must be also associated with the
fected by dilution even up ta=0.4. One possible explana- geyelopment of spin-spin correlations and therefore is a pre-

tion for the suppression of spin freezing in the diluted 5oy to the lower temperature “spin ice” freezing of the
samples is that the chemical substitution is altering the |att'c%ntropy. Furthermore, since the magnitude of the freezing

constant, and thereby changing the strength of the spin-spiggnature but not the other parameters characterizing the
interactiong either exchange or dipolelf this were the case, magnetic relaxation af~16 K are strongly affected by di-

however, one would expect a change in boftand the time |tion, it appears that the freezing at that temperature reflects

scales associated with the freezing. Thus we conclude th%tmy the development of short-range correlatiofsince

the changes in sp_in free;ing as a_result of dilution must be irpOnger range correlations would be affected by dilutioe

the number of spins which experience slowed dynamics b&sonclude that the “spin ice” freezing is most likely occurring

low T . This sugge;ts that the spin-spin correlgtlons assoCin two stages: al ~ 16 K, spins develop short-range corre-

ated with the freezing af; are short ranged, i.e., the Dy |ations (presumably in local units of tetrahedra or lajgeut

spins which have a full set of six Dy nearest neighbors arghey continue to fluctuate at low frequencies, and then long-

still freezmg l_Jut those which directly nelg_hbor an Y impurity range freezing is achieved upon further cooling to below

do not participate. Presumably those spins with second and 7 Thjs sort of two-stage freezing has also been seen in

further neighbor Y sites are only slightly affecteoresum- 5 gysceptibility studies of the spin-glass-like freezing of the

ably through dipole interactionsexplaining why the range geometrically frustrated garnet G&a, 0,5, and future in-

of relaxation frequencies is somewhat broadened in the d\?estigations may show it to be a common feature in other

luted samples and why the characteristic relaxation time b jeometrically frustrated magnetic materials.

comes shortefbecause all spins are somewhat less frustrate
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