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The magnetic order and dynamical properties of spin-frustrated magnet Dy, _,Yb,Ti,O single crystals have
been studied by dc and ac susceptibility measurements. It is found that the substitution of the Dy>* by the
Yb** in Dy,Ti,05 relaxes ferromagnetic coupling. In low Yb** doping samples, a spin freezing peak at Ty
(T< 3 K) and a single-ion effect peak T associated with Dy>* are observed. With increasing Yb*>* doping, a
new peak marked by T* associated with Yb®* appears. We suggest that T* originates from the thermally
activated spin fluctuations of Yb®*. It is also found that the relaxation process for T; becomes both thermally
activated and quantum tunneled in x> 1.0 samples. The low-temperature dynamical behaviors of
Dy, _xYb,Ti;0; are dominated by the Dy-Yb spin interactions and the altered crystalline electric field.
Moreover, crystal field-phonon coupling may contribute to the spin dynamic properties.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Geometrically frustrated magnets have been intensely studied over
the past two decades due to their rich variety of unconventional
ground states [1]. In particular, pyrochlore oxides with chemical
formula A;B,(01)(02), where A>* is a rare-earth ion and B** is a
transition-metal ion, have attracted considerable attention. The pyro-
chlore lattice is a typical example of geometric frustration in three
dimensions, where the spins reside on the vertices of corner-sharing
tetrahedra. The atom A occupies the 16d and B occupies the 16¢
position and the oxygen atoms O1 and 02 occupy the 48f and 8b sites,
respectively [2]. Among the pyrochlore oxide family, A;Ti,O are found
to display diverse low-temperature properties, such as the formation
of spin ice [3,4], spin liquid [1], diverse ordered states [5,6], etc.

The pyrochlore oxide Dy,Ti,O; (DTO) is considered to be a model
system of spin ice materials, whose magnetic moments obey the same
ordering rule as the proton ordering in water ice. That is, the local spin
correlations are characterized by the ice rules: two spins point in and
two spins point out of every tetrahedron [7]. Because the ground state
is highly degenerate, a static disordered state ‘spin ice’ is formed below
1K in spite of the structural order of the system. In addition, Dy>*
spins are confined along the local [111] directions due to strong crystal
field (CF), rendering a well separated spin ground state doublet at
about 200K below the first excited state [8,9]. The Curie-Weiss
temperature dcw, Which is indicative of the nearest-neighbor coupling
strength, is of ferromagnetic type with a value of about 1K [10].
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The investigation of ac susceptibility indicates that the spin relaxation
in DTO compound exhibits an unusual double crossover upon cooling:
its characteristic changes from high temperature thermally activated
into quantum tunneling at Toss~ 13 K, and then reverts to thermally
activated blow Tiee~4 K due to the development of spin correlations
[11,12].

Yb,Ti,07 (YTO) provides an intriguing contrast to the classical
spin ices. Hodges et al. [13] used Mdssbauer spectroscopy to
investigate the crystal field scheme and determined that the
ground-state Kramers doublet is separated by 620 K from the first
excited state, producing an easy plane anisotropy. The net inter-
ionic interaction is ferromagnetic (Ocw=0.75K) and it is domi-
nated by exchange because the dipole-dipole interaction is
relatively small due to the modest value, i.e., 1.15 pg of the Yb>+
moment. A transition takes place at about 0.2 K, but the ground
state is not a magnetic long-range-order phase. Most experimental
evidence suggests that Yb,Ti,O, displays a disordered ground
state down to 30 mK [14-20]. It shows slowly fluctuating Yb>*
magnetic moments with short range correlations. Therefore,
Yb,Ti,07 is considered to be a 'quantum spin ice' material [14,21].

There have been many reports on the derivative species of rare-
earth titanates. There are stuffed compounds where additional rare-
earth ions are substituted for the Ti ions, and diluted compounds
where nonmagnetic ions are used to dilute the magnetic interactions.
By contrast, there are few studies on hybrid rare-earth titanates,
which consist of different rare-earth ions on the A sites [22-26].
Recently, Orendac et al. investigated the magnetic order in hybrid
frustrated magnets Gd, _ ,Tb,Ti,O; and found that the ground state in
the compounds cannot be considered as a simple mixture of ground
states present in Gd,Ti»O7 and Tb,Ti,O [26]. In this paper, we report
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the magnetic behaviors of spin-frustrated magnet Dy,_,YbyTi,O-,
the mixture compounds of the spin ice Dy,Ti,O; and the quantum
spin ice Yb,Ti,0-. It is found that the substitution of the Dy>* by the
Yb?*+ in Dy,Ti,0; relaxes ferromagnetic coupling. The magnetic
dynamical behavior is related to the Dy-Yb spin interactions and
the altered crystalline electric field.

2. Experiments

The single-crystal samples were prepared by the traveling
solvent floating zone technique. Firstly, polycrystalline samples
of Dy, _,Yb,Ti,O; (0 <x<2) were prepared by firing stoichio-
metric amounts of Dy,03, Yb,03 and TiO, up to 1400 °C for several
days with intermittent grindings to ensure a complete reaction.
Large single crystals of Dy, _,Yb,Ti,O; (DYTO) were subsequently
grown by the traveling solvent floating zone method under oxygen
atmosphere. Details of the crystal growth were described
elsewhere [27].

The obtained crystals were characterized by powder x-ray
diffraction (XRD) and x-ray single-crystal diffraction with Cu K«
radiation at room temperature. The principal axes were deter-
mined using the Laue diffraction patterns. The dc susceptibility,
magnetization and the ac susceptibility were measured using the
Quantum Design SQUID magnetometer. The real and imaginary
parts of the ac susceptibility, ' and »”, were determined using an
excitation field of H,.=3.5 Oe at frequencies spanning f=10 to
1000 Hz. The dc and ac susceptibility data were corrected for the
demagnetization factor. In this article we report the magnetization
data for a field applied along the [111] axis, which is an easy-axis
direction for the spin-ice system Dy,Ti,O- but a hard-axis direc-
tion for ferromagnetic XY pyrochlore Yb,Ti,0-.

3. Results and discussion

Fig. 1(a) gives the x-ray-diffraction (XRD) patterns of a repre-
sentative single crystal with the (I I I) reflections (the black curve)
and the Dy, _,Yb,Ti,0; (0<x<2.0) powder samples. We
notice that the full width at half maximum (FWHM) for all the
diffraction peaks shown in the single crystal XRD pattern is less
than 0.15°, indicating the high quality of the sample. To examine
the purity of the prepared crystals, we perform powder XRD
measurements by grinding the single crystals into powder. No
impurity peak is found in the XRD patterns. The analysis of the
powder XRD patterns confirms that all samples are crystallized in
face-centered-cubic pyrochlore structure with space group Fd-3m.
The lattice parameters of the DYTO series are displayed in Fig. 1(b).
The lattice constant is found to be in proportion to the composi-
tion x, obeying Vegard's law. This linear dependence and the fact
that no peak splitting was observed in XRD patterns indicate that a
complete mixing of the cations can be achieved and no phase
separation occurs in the DYTO samples.

Fig. 2(a) shows the temperature dependence of magnetization
for the samples measured along the [111] direction. The magnetic
field is 100 Oe. Since there is no difference between zero-field-
cooling (ZFC) process and field-cooling (FC) process, we plot
only the FC curves. All the samples closely follow the canonical
paramagnetic behavior, suggesting no magnetic ordering or spin-
glass-like transition occurs down to 2 K. The inverse dc suscept-
ibility »~! for each sample is shown in the inset of Fig. 2(a).
The deviation from the linear Curie-Weiss (CW) behavior at low
temperature is probably due to some magnetic correlations. At
high temperatures (100-300 K), the inverse susceptibility data are
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Fig. 1. (a) Powder x-ray-diffraction patterns for the Dy, ,Yb,Ti,O; samples.
The black curve is the single-crystal XRD pattern of a Dy,Ti,O; sample; (b) The lattice
constants of the Yb-doped samples.

fitted using the CW law [10].

Nauge

‘= 3I<B(T—e'9cw) M
Where N, is the Avogadro number, 6cy is the Curie-Weiss
temperature, y.q is the effective magnetic moment, and kg is the
Boltzmann constant. The corresponding 0cw and pe/Dy(YDb) for all
samples are displayed in Fig. 2(b) and (c), respectively. Unlike the
parent material Dy,Ti,O7, which has a positive CW temperature,
all Dy, _,Yb,Ti,O; mixtures show a large negative CW tempera-
ture. The negative CW temperatures are due to a high-energy
crystal-field level [25], i.e., the thermal population of the excited
CF states. Since there are two types of magnetic ions distributed
randomly over site A of the pyrochlore A,B,0- structure, one can
express the effective magnetic moment p.¢ per f.u. as

M = XpG + Yy (2)

Where x and y are the number of Yb and Dy atoms per f.u.,
respectively; sy, and up, are the effective magnetic moment of Yb
and Dy ions, respectively. For the free Dy>* and Yb>* ions,
upy =10.6p5/Dy and py, =4.5u5/Yb. The calculated effective
moments per Dy(Yb) are also shown in Fig. 2(c) by triangle
symbols. The effective moments calculated by CW law and the
related ratios of the free moments are close to each other. In fact,
results from CW fits are very sensitive to the temperature range
used. The CW law also describes the data well between 2-20 K.
These data are collected well below the temperature appropriate
for the lowest crystal-field excitation and the CW-like tempera-
tures are significantly more ferromagnetic than those collected at
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Fig. 2. (a) The temperature dependence of dc magnetic susceptibility of the Dy, _,Yb,Ti,O; samples from 2 K to 300 K. In the inset, the corresponding inverse magnetic
susceptibility is given; (b) Curie-Weiss (CW) temperatures; and (c) the effective paramagnetic moments derived from CW law at high temperature (100-300 K) ranges for
Dy, _xYb,Ti;07; (d) CW temperatures derived from the data between 2-20 K. The lines are a guide to the eye.

higher temperatures (see Fig. 2(d)). We also find that the calculated
effective moments at the range of 2-20 K are smaller than those of
high temperatures (data not shown). The dependency of Ocw and g
on the fitting temperature range is probably related to the large CF
splitting of the multiplets Dy>* and Yb®*, which is not taken into
account in the fitting procedure. The CW temperature of DTO is
qualitatively similar to that of previous report [10] and the CW
temperature of YTO is in agreement with that of singe crystal YTO
[14]. The susceptibility measurements show a tendency for the
effective moment and the CW temperature to decrease with
increasing doping, indicative of decreased FM coupling.

The M-H curves collected at 2 K for the Dy, _,Yb,Ti,O; samples
are presented in Fig. 3. The magnetization decreases with increas-
ing Yb concentration. This trend is consistent with the fact that
Yb3+ has smaller moment compared with that of Dy>*. It should
be noticed that with increasing Yb content, the unsaturation
behavior in the M-H curves becomes more obvious, as shown by
the decrease in the slope of M-H curves at low fields. This means
that Dy, _ x\Yb,Ti,O; mixed compounds have a tendency towards a
weaker FM interaction on increasing the Yb concentration, which
is consistent with the result derived from M-T curves.

In order to get the dynamical properties of the compounds, we
measured the ac susceptibility. Figs. 4-6 give the real (') and
imaginary (y”) parts of the ac susceptibility of samples for x=0, 1.8,
and 2.0 respectively with H=0, 5 and 10 kOe. For Dy,Ti,0; (x=0),
as the field increases to 10 kOe, two clear dips in »’ appear near 16 K
and 3 K, leading to the corresponding peaks in y” as expected from
the Kramers-Kronig relations [11,28]. On the basis of the conven-
tion of previous reports, the high-temperature peak is assigned to
be the single-ion peak of Dy>* spins, which is considered as a
freezing of the thermally activated spin flip process via the lowest
lying crystal field excitations [29]. However, the low temperature
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Fig. 3. The magnetic field dependence of the magnetization M at T=2 K for a series
of Dy, _,Yb,Ti,O; compounds.

peak originates from the spin freezing associated with the spin-ice
rules [30]. As for x=1.8 sample, there are also two peaks in y” with
high external field. But in the case of Yb,Ti,0; (x=2), there is only
one peak at low temperatures with the field H=10 kOe. We find
that for all the samples, / represents a canonical paramagnetic
behavior at H=0. The effect of an externally applied magnetic field
is that it slows down the dynamical process in samples and
enhances the dips in y’ or the peaks in y”. Therefore, for the other
samples, we measured the ac susceptibility with the high external
field H=10 kOe.
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corresponding text.

Fig. 7 shows the ac susceptibility of samples with x=0.1, 0.4, 1.0,
14, and 1.8. The applied dc magnetic field is H=10 kOe. For the
light doping of x=0.1, a clear dip appears in ' around 16 K, and the
" shows a peak corresponding to the drop in y'. At low tempera-
ture, another peak in y” emerges (marked by Ty). This peak
gradually weakens and disappears with increasing Yb doping. At
the same time, the high temperature peak (marked by Ts) becomes
broader and unobvious until it disappears when x=2.0. By analogy
to DTO, we therefore identify the high-temperature peak Ts as the
single-ion peak of Dy>* spins and the low temperature peak Tt
originates from the spin-ice freezing. With increasing Yb doping,
an additional peak, indicated by T*, emerges in x> 1.0 samples.

This peak becomes more pronounced in x=1.4, 1.8 and 2.0 samples.
The emergence of the peak T* in Dy,Yb,_,Ti,O- is similar to the
case of Dy,Tb, _,Ti,O; [24]. The peak T* should originate from the
Yb spins.

The emergence of Ty indicates that the low-doping samples still
obey the ice rules, suggesting that spin-ice state is robust against
magnetic-moment dilution. In DTO, the long-range dipole-dipole
correlation makes the system insensitive to defects. However, the
T¢ peak disappears in heavily doped samples, indicating that the
spin-ice rules are broken. For pure DTO, the nearest-neighbor
exchange interaction is J,n=—1.24K and the nearest dipolar
interaction is D,,=2.35K [7]. While for pure YTO, the dipolar
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interaction is D=0.018 K [31]. Therefore, the ferromagnetic inter-
action in YTO is weaker than that in DTO, hence the FM interaction
in doped samples Dy, _,Yb,Ti,O; is weaker than that of pure DTO.
According to these facts, we suggest that the decrease of long-
range dipolar interaction may contribute to the absence of dipolar
spin ice.

To investigate the nature of T, and T* as well as the spin
dynamics in DYTO, we examine the dependence of T; on frequency
by fitting the data to an Arrhenius law

f=foexp(—En/ksT) 3

Where E, is the activation energy for spin fluctuations and f; is a
measure of the microscopic limiting frequency in the system [29].
The values of the freezing temperature are obtained from the
minimum in the slope of »”. Unfortunately, T* appears only at high
frequency and the data points are not enough to plot a figure, so
only the dependence of T on frequency is shown here. As demon-
strated in Fig. 8, the frequency dependence of Ts for the x <0.4
samples can be well fit to an Arrhenius law, indictive of a thermally

activated spin relaxation. The fitted values of E5 and f; are also given
in Fig. 8. We find that E, is of the order of the single-ion energy of
Dy3* and f; is of the order of GHz, which are both reasonable for
individual spin flips. The frequency dependence of the T; peak and
the derived energy scale corresponding to the crystal-field splitting
are qualitatively similar to that of pure DTO, which verifies that T is
the single-ion peak of Dy>* spins. When x> 1.0, the frequency
dependence of Ts cannot be fitted to the Arrhenius law, suggesting
that the relaxation is not simply thermally activated. The failure of
Arrhenius law in the x> 1.0 samples might be connected to the
emergence of a new peak T* and appearance of a weaker but much
more rounded peak Ts. Such a non-Arrhenius behavior has pre-
viously been observed in the spin-ice material DTO, where the
quantum spin relaxation plays an important role [11]. Therefore, the
relaxation process for T in high doping samples should be through
both thermal activation and quantum tunneling between the two
accessible Ising states of Dy>*, which is consistent with the weaker
frequency dependence of T peaks as well. We suggest that the most
likely origin of the quantum tunneling at Ty is the fluctuating dipolar
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field arising from the Dy-Yb interactions. In pure DTO, the torque of
Dy spins cannot be minimized because of the geometric frustration.
However, the introduction of Yb dopants facilitates the spin inver-
sion of Dy>* because the effective field due to Dy-Yb interactions
will mix higher states into the ground state doublet. In other words,
dopant-assisted processes facilitate the activation of Dy spins.

Since the ground-state Kramers doublet of the CF of Yb** is
separated by 620 K from the first excited state, the thermally
activated spin relaxation of single ion should appear at high
temperatures. Thus, the peak T* cannot be assigned as the single-
ion peak corresponding to the CF of Yb®*. That is to say, the large
barrier is insurmountable at such low temperature as T*. Méssbauer
spectroscopy and muon spin relaxation (uSR) measurements find a
rapid decrease of the Yb>* magnetic moments fluctuation rate,
upon approaching 0.24 K from above. Above the transition tem-
perature, the fluctuation rate of Yb spins follows a thermal excita-
tion law [18]. Due to this fact, it is suggested that the T* originates
from thermally activated spin fluctuations of Yb, as evidenced by
the frequency dependence of the peak T* in y” of YTO. It corre-
sponds to the dynamics of short range correlated spins, perhaps
involving spin clusters of Dy and Yb.

It should be noticed that both Ts and T* move to low tempera-
ture with increasing Yb doping content (see the inset of Fig. 8). The
doping dependence of Ts should be related to the change of CF
levels of Dy>* with the doping of Yb®>*. As can be seen from Fig. 1
(b), the lattice parameter of DYTO decreases with increasing Yb
doping. One may naively expect that CF splitting of Dy>* and the
energy barrier E4 as well as the temperature where the T peak
locates would increase. However, our result is not consistent with
the speculation. Knowing that Ts should be robust against the
change in magnetic field [24], we infer that there should be
another factor such as CF-phonon coupling contributes in the
DYTO system. The doping dependence of T* should be related to
the energy barrier of spin fluctuation of Yb. With the increasing Yb
doping, the FM coupling weakens, hence the fluctuations of Yb
spins enhance. Consequently, the energy barrier of spin fluctua-
tions decreases and T* moves to low temperature.

Compared with other mixed frustrated magnets [22-26], the
mixing of the rare-earth site in DYTO results in an altered crystal-
field scheme as well and the results in DYTO display the similar
robustness of both ground states in spite of the complete mixture of
the elements. For the present samples, there exist two sets of CF
schemes associated with Dy>* and Yb>*, respectively. The peculiar

low-temperature behavior is closely associated with the Dy-Yb spin
interactions and the altered crystalline electric field. On the analogy
of other hybrid pyrochlore compounds, Dy,_,Yb,Ti,O; may be
considered as mixtures of spin ice (DTO) and quantum spin ice
(YTO). It should be also noted that the dilution effect in DYTO is
different from that of Ho,Tb,_ ,Ti»O-. Since both the Ho*>* and T3+
ions are very Ising like, with a strong preference to lie in the [111]
direction, and the dilution only relieve the ice rules slightly [25].
However, Yb>* ions are XY like and their easy plane is (111) plane,
thus the substitution will relieve the ice rules strongly. Such
frustrated materials may offer a medium in investigation of geome-
trical magnetic frustration.

4. Conclusion

In summary, we have studied the magnetic order and dynami-
cal properties of the spin-frustrated magnet Dy, _,Yb,Ti,O;. The
samples show a tendency towards a relaxed FM interaction on Yb
doping, which is related to the decrease of dipolar interactions.
With increasing Yb content, a new peak (T¥) associated with Yb>*
appears. This peak is originated from thermally activated spin
fluctuations of Yb3*. At the same time, the relaxation process for
T, associated with Dy>* is through both thermal activation and
quantum tunneling. The low-temperature dynamical behavior is
associated with the Dy-Yb spin interactions and the altered
crystalline electric field. Moreover, CF-phonon coupling may con-
tribute to the spin dynamic properties.
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