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We use transverse field muon spin rotation to probe the low field dynamics of Ho3+ ions imbedded in a
single crystal host matrix of CaWO4 . The Ho3+ ions at sites with the full tetragonal symmetry of the crystal
have avoided level crossings of hyperfine sublevels of the ground crystal-field doublet, resulting in measurable
changes in the both the AC susceptibility and transverse field muon depolarization rate. The host material has
primarily nonmagnetic nuclear species and no magnetic ions, and so the muon is shown to be a direct nonresonant
probe of pronounced changes of relaxation rates of the coupled electron-nuclear excitations of Ho3+ at avoided
level crossings.
DOI: 10.1103/PhysRevB.98.134424
I. INTRODUCTION

The properties of nearly isolated spins in a solid host
are of fundamental interest, exhibiting quantum dynamical
phenomena, e.g., tunneling of magnetization [1], and which
offer future application potential such as memory storage
and quantum computing. The spin dynamics of Ho3+ ions
lightly doped into the tetragonal single crystal host material
LiYF4 (LYF:Ho) proved to be a useful paradigm system: the
high quality and well-characterized host matrix provided a
system whereby theoretical modeling based on known physical parameters could be used to describe the spin dynamics
observed through magnetization [2], AC susceptibility [3–5],
and nuclear magnetic resonance [6,7]. The holmium ions
substitute for yttrium trivalent ions at sites with S4 point
symmetry. The lowest multiplet 5I8 of Ho3+ ions in the crystal
field of tetragonal LiYF4 is split into singlets 1 and 2
and non-Kramers doublets 34 (the ’s are the corresponding
irreducible representations of the S4 group). The ground state
is a magnetic doublet (g factor ≈ 13 for fields along the c
axis, and zero in the a-b plane) separated from the first excited
singlet 2 by approximately 10 K [2]. Due to the strong
hyperfine coupling, the I = 7/2 Ho nucleus further splits
this doublet into eight doubly degenerate levels, separated
from one another in zero field by approximately 0.22 K.
Application of a weak magnetic field B||c lifts this degeneracy
and results in a sequence of level crossings at fields of Bn =
23n mT, where n is an integer and −7  n  7 [2]. The low
temperature, low magnetic field spin dynamics are dominated
by the presence of fairly large avoided level crossings (ALCs)
when n is odd [2,8], corresponding to transitions between
the hyperfine sublevels where the change in the nuclear spin
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projections on the symmetry axis (zc)Iz = 2; these large
tunneling gaps result from mixing of wave functions of the
ground state doublet and the first excited singlet by the hyperfine interaction. Smaller random strain-induced gaps are also
present at Iz = 0 crossings at field values corresponding to
odd values of n (see inset in Fig. 1) [9].
Transverse field muon spin rotation (μSR) experiments on
LYF:Ho [8] provided an unusual mechanism for probing the
change in spin dynamics at these ALCs. Sharp dips were
observed in the muon transverse field depolarization rate λT F
at field values corresponding to n = 1 and 3, while a much
smaller reduction was observed at n = 2. It was proposed that
the depolarization was due to the nearly static disorder of the
Ho3+ ions; however, near large gaps at ALCs the magnetic
fluctuation rate increased significantly, thereby reducing the
static disorder on the muon timescale and causing a decrease
in λT F . Given the dilute Ho3+ ion distribution one outstanding
concern is the nature of the muon coupling to the Ho3+
ions. It is known that the 19F spin bath strongly couples to
the Ho3+ ions [7], and the F − ion strongly interacts with
(indeed, bonds to) the implanted muons in a μSR experiment
[8,10]. The presence of possible multiple muon depolarization
channels calls into question the interpretation of the results
from Ref. [8], and in particular whether or not the muon is
directly probing the magnetic fluctuations of the Ho3+ ions.
As described below, we can experimentally answer this question by removing the μ+ -F − depolarization channel. Thus,
we have a quantifiable method of demonstrating the direct
depolarization of the muon by dilute magnetic moments.
In this paper we use transverse field μSR to probe the
low field dynamics of Ho3+ ions imbedded in a single crystal
host matrix of Scheelite CaWO4 (CWO:Ho). This host is
isostructural with LiYF4 , and detailed studies via optical
and electron paramagnetic resonance (EPR) spectroscopy of
CWO:Ho showed that the energy level diagrams of Ho3+
in both hosts are qualitatively identical [11], although the
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FIG. 1. DC magnetization versus magnetic field directed along
the tetragonal symmetry axis, along with the fit (solid line) as
described in the text. Inset: Computed magnetic field dependences
of the energies of the 16 lowest electron-nuclear states of Ho3+ ions
in tetragonal centers. Points of repulsion between the thick zig-zag
lines 1 and 2 and between the dashed lines 3 and 4 correspond to
anticrossings with Iz = 0 and Iz = 2, respectively.

heterovalent substitution required to maintain charge balance
in CWO:Ho (see below) creates a substantial number of
Ho3+ centers lacking the tetragonal crystal symmetry. There
is no electronic contribution to the magnetic properties from
the valence electrons of the host matrix, and only very low
concentrations of weak nuclear moments associated with the
14% 183 W and substitutional 7 Li+ impurities (see below), and
so in this system there is no intermediary nuclear spin bath.
We find very similar results to those presented in Ref. [8],
demonstrating that the muon is indeed a direct probe of the
Ho3+ spin dynamics, even when there are multiple possible
relaxation channels present as in the case of LYF:Ho.
II. EXPERIMENTAL DETAILS AND RESULTS

The CWO:Ho sample used in this work, with a nominal
Ho concentration of 0.5%, was studied in Ref. [11], and was
grown by Czochralski technique from Ho2 O3 , WO3 , CaCO3 ,
and Li2 CO3 . The Ho3+ substitutes for Ca2+ , and charge
balance is maintained by Li+ replacement of Ca2+ during
growth.
AC susceptibility and DC magnetization measurements
were made in a Quantum Design MPMS3 superconducting
quantum interference device (SQUID) system. The DC magnetization at 2 K in fields up to 6 T (Fig. 1) showed that the actual Ho concentration in our sample was approximately 0.2%,
as described below. The discrepancy with the nominal value
is presumably due to the imperfect efficiency of Li+ charge
compensation. The magnetization and AC susceptibility data
and the fits shown in Figs. 1 and 2 will be discussed later in
this work.
In time-differential μSR, a spin-polarized μ+ enters a sample, and within 10 ps or less it comes to rest, typically at one
or two electrostatically favorable crystalline sites. In this paper
the specific stopping site is not relevant, given that the muon is

FIG. 2. In-phase (χ  ) and out-of-phase (χ  ) susceptibility versus
magnetic field directed along the tetragonal symmetry axis, taken at
a frequency of 953 Hz and with an excitation level of 1.5 Oe. The
fine solid lines are simulated results as described in the text.

interacting with dilute magnetic impurities. At some later time
t the muon decays, and the resulting positron is preferentially
emitted along the direction of the muon spin moment and
detected. After several million decay events one creates a time
histogram of the detector signal asymmetry A(t) [12], which
is proportional to the muon polarization and characterizes its
response to the local magnetic fields at the muon stopping
sites. We assume that the stopping sites as well as the impurity
Ho3+ ions are distributed randomly in the sample volume.
In transverse field mode, the initial muon polarization has
a component perpendicular to the applied magnetic field B,
resulting in muon precession. Variations of the local magnetic
field between muon stopping sites produce a dephasing of A(t)
due to the spread of Larmor frequencies for the individual
muon decay events, and so transverse field measurements are
extremely sensitive to magnetic inhomogeneity.
The μSR measurements were conducted on the General
Purpose Spectrometer on the π M3 continuous beamline at
the Paul Scherrer Institute. The beam momentum and external magnetic field were aligned parallel to the crystalline
c axis. Experiments were conducted in a gas flow cryostat
and our measurements span the range 1.6 K  T  20 K.
We utilized the spin-rotated mode, where the muon spin is
tilted approximately 50◦ with respect to the beam momentum.
The transverse field depolarization is then monitored with
detectors oriented along a line perpendicular to the applied
magnetic field.
In Fig. 2 we show the magnetic field variation of the AC
susceptibility at a frequency of 953 Hz and AC amplitude of
1.5 Oe at 2 K; the oscillating magnetic field, as well as the
constant field B, was oriented along the c axis. The out-ofphase component χ  shows dips at the Bn values listed above
[4,5], while the in-phase component χ  has barely discernible
peaks at Bn . We find the minima in χ  exhibit an average
spacing of roughly 22.9 mT; a comparison with the value of
B1 = 23.1 mT obtained from calculations (see inset in Fig. 1)
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FIG. 3. (a) Depolarization at a temperature T = 1.8 K and in an
applied magnetic field of 20 mT. (b) Short-time depolarization for
the sum of our signals at 23 mT for temperatures from 1.8 K to 20 K,
highlighting the muonium oscillations. The solid lines in both (a) and
(b) are the fits to the data, as described in the text.

indicates a misalignment less than 3◦ of the applied field with
the c axis.
Zero-field muon-spin depolarization versus time data (not
shown) were taken at 20 K. A very fast depolarization constituting 25% of the signal was observed, while the remaining
signal was essentially constant in time. The fast relaxation
originates from the formation of a bound pair μ+ -e− (muonium), see also below. We fit the slowly relaxing signal to
a simple exponential decay, and find a depolarization rate of
0.04(1) μs−1 , confirming the very small contribution of the
host matrix to the observed relaxation. In Fig. 3(a) we show
the time dependent asymmetry of the muon at T = 1.8 K
and in a magnetic field B||c with B = 20 mT. The signal
consists of three components: two high frequency oscillatory
signals evident at short times, along with a slow oscillation
at the expected precession frequency fμ = 2.71 MHz which
is determined by fμ = (γμ /2π )B, where γμ is the muon
gyromagnetic ratio and γμ /2π = 135.5 MHz/T. The short
time signal was found to be independent of temperature below
20 K, so to accurately characterize it we summed all our
data between 1.8 and 20 K, and this sum at short times is
shown in Fig. 3(b). The fast oscillations have frequencies of
28.1(2) and 39.6(3) MHz at 20 mT, consistent with muonium
formation as reported, for example, for silicon in Ref. [13].
These correspond to the transitions between the muonium
triplet states, for which the degeneracy is lifted by the applied
magnetic field. So, our overall depolarization function (asymmetry normalized by its value at t = 0) was therefore fit to a
three-component function

P (t ) =

3

i=1

ai exp[−(λi t )βi ] cos(2π fi t + φi ),

(1)

FIG. 4. Temperature dependences of the transverse field depolarization rate in an applied field of 23 mT. Inset: variation of the
damping exponent with temperature.

where the first two terms (i = 1, 2) are associated with the
muonium oscillations, and the third term with the precessing
free muon located at an interstitial site in the sample. These
fits are shown as solid lines in Figs. 3(a) and 3(b). We found
that the ai were constant, with a1 = 0.11(1), a2 = 0.15(1),
and a3 = 0.74(3). Assuming constant values β1 = β2 = 1,
we extracted fit values λ1 = 13(2) μs−1 and λ2 = 19(3) μs−1
which were assumed independent of temperature and field.
The frequencies f1,2 varied weakly with field (see Fig. 6) as
expected for muonium in a low magnetic field. The phases
were found to be φ1 = −31(5)◦ , φ2 = −10(5)◦ , and φ3 =
5.3(1)◦ , and fixed at these values. The muon precession
damping coefficient λ3 = λT F and exponent β3 varied with
both field and temperature.
The temperature dependence of λT F is shown in Fig. 4,
along with β3 in the inset. Because the crystal host is nonmagnetic, damping is caused primarily by the Ho3+ ions.
Near 20 K, the damping is quite weak and the exponent β3
is roughly 1/3, which we interpret as the motional narrowing
limit for thermally induced fluctuations of the Ho3+ moments
[12]. As the temperature is lowered well below 13 K, only
the lowest lying energy manifold is occupied and the rate of
fluctuations is reduced substantially, with the exponent approaching a value of approximately β3 ≈ 0.7. This is smaller
than the value ≈1.2 for Ho3+ ions in LYF [8] due to the lack
of a contribution from quasistatic fluorine nuclear moments,
which would have an expected exponent of 2 [8,12]. This
provides further evidence that the muon depolarization is
modified solely by magnetism associated with Ho3+ , without
complications from other sources of magnetism.
In Fig. 5 we show our results for the field dependence of
λT F at low temperature (T = 1.6 K), along with β3 in the
inset. Away from n = 1(≈23 mT) the background damping
due to quasistatic magnetic inhomogeneity of dipolar fields
produced by the Ho3+ ions is 0.5 μs−1 , lower than 0.9 μs−1
for LYF:Ho. Again, this is reasonably well accounted for
by the absence of a contribution from the 19F nuclei, which
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the 19F spin bath nor the possible broadening of the muon
precession linewidth due to the formation of bound F-μ-F
complexes [8] play a significant role in the observed decrease
in the muon depolarization rate at the ALC. The muon is
responding directly to the magnetic fluctuations of the Ho3+
ion. This confirms the general utility of transverse field μSR
as a nonresonant technique to probe spin dynamics at avoided
level crossings.
To describe spectral and magnetic properties of Ho3+ ions,
we considered the Hamiltonian
H = HF I + HCF + HZ + HH F M + HH F Q ,

FIG. 5. Field dependence of the transverse field depolarization
rate versus magnetic field at a T = 1.6 K. Inset: variation of the
damping exponent with magnetic field.

was determined to be ≈0.4 μs−1 from high temperature measurements [8]. A sharp dip, corresponding to a decrease of
roughly 10% of λT F , is observed near 23 mT, along with
a very weak structure near 46 mT, as observed in Ref. [8].
The exponent β3 is nearly field independent. Finally, in Fig. 6
we show the weak magnetic field variation of f1 and f2 ,
which qualitatively agrees with field dependence observed for
anomalous muonium in silicon [13].
III. DISCUSSION

The close similarity of the results obtained for LYF:Ho
and CWO:Ho samples shows that the muon is responding
directly to changes in rates of the Ho3+ dipolar magnetic
fluctuations at the avoided level crossing n = 1, and neither

FIG. 6. Magnetic field dependence of the two observed muonium
frequencies at T = 1.8 K.

(2)

where HF I is the standard parameterized free-ion Hamiltonian [14], HCF is the crystal-field interaction, HZ is the electronic Zeeman energy, HH F M and HH F Q are magnetic and
electric quadrupole hyperfine interactions, respectively. Parameters of the free-ion Hamiltonian and crystal-field parameters for Ho3+ ions in CWO:Ho were presented in Ref. [11]. All
calculations mentioned in the present work involved numerical diagonalization of the Hamiltonian H0 = HF I + HCF +
HZ operating in the space of 1001 electronic states of the 4f 10
configuration and subsequent diagonalization of the hyperfine
interaction in the truncated basis of 520 electron-nuclear states
corresponding to the electronic multiplets 5IJ (J = 4 − 8).
From Ref. [11], the important quantitative differences in
the energy diagrams of Ho3+ at sites of tetragonal symmetry
in CWO:Ho and LYF:Ho are (a) the g factor for Bc, g , is
slightly increased for CWO:Ho (13.7) compared to LYF:Ho
(13.3); (b) the gap between the ground state doublet and first
excited singlet is larger for CWO:Ho (13 K) than for LYF:Ho
(10 K); (c) as a consequence of (b), the tunneling gaps 1 at
the ALCs with Iz = 2 are reduced in CWO:Ho compared
to LYF:Ho (according to calculations, 1 = 220 MHz in
CWO:Ho and 305 MHz in LYF:Ho); and (d) the heterovalent doping required to maintain charge balance in CWO:Ho
increases random strains in the crystal lattice relative to
LYF:Ho. The increased strain in turn is expected to increase
the size of a tunneling gap for an ALC with Iz = 0 [11],
which is also present at the n = 1 field value. Taken in
total, none of these will significantly alter the high frequency
fluctuations at the ALCs, and this accounts for the close
similarity between the transverse field μSR results for both
systems. In contrast to the AC susceptibility data, the ALC
near 46 mT (n = 2), which has very small tunneling gaps,
is suppressed in both LYF:Ho and CWO:Ho when probed
with μSR. Because the change in muon depolarization rate
is sensitive to frequencies greater than the muon precession
frequency (MHz range), it may be that μSR probes the adiabatic susceptibility as opposed to the isothermal susceptibility
as measured by AC susceptibility in the kHz range. High
frequency AC susceptibility measurements, in parallel with
a theoretical investigation of the relevant relaxation mechanisms (e.g., phonon and cross-relaxation processes [4,5]) into
the MHz range are underway to study this crossover further.
We now look more closely at the DC and AC magnetic measurements (Figs. 1 and 2). The changes in the AC
susceptibility are far less dramatic than those reported for
LYF:Ho. High-frequency EPR measurements on CWO:Ho
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[11] revealed the presence of Ho3+ ions in four distinct types
of low-symmetry sites, in addition to the sites with tetragonal
symmetry, which were attributed to the heterovalent doping.
The Ho3+ ions in low-symmetry environments have crystalfield splittings and g factors that are different than those of
the ions at tetragonal sites. Moreover, the degeneracy of the
electronic states is completely broken, and these Ho3+ ions
at low temperature are in the singlet state and have only
weak-field-induced moments, so they exhibit none of the spin
dynamics characteristic of the tetragonal site ions. To estimate
the fraction of tetragonal sites, we have made a simple model
to extend simulations as presented in Refs. [5,10]. We assume
the Ho3+ ions are located at sites of either tetragonal [11]
(subsystem A) or orthorhombic (subsystem B) symmetry.
For simplicity, the rhombic crystal-field component affecting
ions in the subsystem B was defined by a single parameter B66 = 35 cm−1 , and the corresponding term Hrh = B66 O66
(O66 is the Stevens operator) was added to the crystal-field
Hamiltonian used earlier in the analysis of the spectral and
magnetic properties of the dominant tetragonal centers [11].
This term transforms the splitting of the ground doublet of
tetragonal centers into two singlets with a gap of 6.8 K
that is close to the average value of the gaps revealed by
EPR measurements for low-symmetry centers. The two-site
model was then used to fit the magnetization versus field
data, as shown in Fig. 1; a diamagnetic contribution from the
host crystal is also included. The estimated lower bound for
Ho concentration is found to be 0.21%, with approximately
equal fractions located at tetragonal and orthorhombic sites.
We then fit the real and imaginary components of the AC
susceptibility in an extension of the calculations carried out in
Refs. [5,10]. While this crude model adequately describes the
qualitative results, it clearly under(over) estimates magnitudes
of the real(imaginary) components. A more complete model
of the AC susceptibility, however, is well beyond the scope of
this work. The relevant result for this work is that there
is a concentration of approximately 0.1% of Ho3+ ions in
a tetragonal environment, comparable to the 0.17% for the
LYF:Ho samples studied in Ref. [8].
We can also estimate the tetragonal center concentration
using the measured low temperature depolarization rate λT F
in a transverse magnetic field B of 20 mT, away from the n =
1 anticrossing. We assume that the muon interacts only with
dilute magnetic impurities and that the resulting magnetic
disorder is static on the muon timescale. Within this model
we can calculate the λT F [15]. The magnetic moments of
Ho3+ ions at sites with tetragonal symmetry are collinear to
the c axis and induce a local dipolar magnetic field with the
components

Bdip,α = ±(g μB /2)
(3xα z − r 2 δαz )/r 5
(3)
at a muon placed at the center of the Cartesian system of
coordinates (z||c); in the low-field limit the Ho3+ in sites of orthorhombic symmetry are nonmagnetic and do not contribute
to the depolarization. Here the sum is taken over Ho3+ ions
with the radius vectors r and coordinates xα . The distribution
function for the local dipolar field component Bdip along the
external field considered in the framework of the continuum

approximation can be written as follows [16]:
W (Bdip ) =


,
 2
π Bdip +  2

(4)

where  = 2π 2 g μB n0 C/9v is the distribution width in the
case of small concentration C of magnetic ions (here n0 = 2
is the number of possible Ho positions in the unit cell with
the volume v = a 2 c/2, a = 5.242 Å and c = 11.372 Å are the
CWO lattice constants [17]). By averaging a fixed muon contribution into the measured asymmetry R cos[γμ (B + Bdip )t]
over the distribution (3), we obtain the time-dependent amplitude of the signal at the frequency fμ

R(t ) = R

∞
−∞

cos(γμ Bdip t )W (Bdip )dBdip = R exp(−γμ t ).
(5)

Note, we neglect here relaxation processes which bring
stretched exponential time dependences [5]. Thus, the depolarization rate can be approximated by a rather simple
expression
λT F = 8π 2 γμ g μB C/9a 2 c.

(6)

The measured λT F value of 0.5 μs−1 corresponds to the
concentration C = 0.17% of the tetragonal centers that satisfactorily agrees with the analysis of the magnetization. The
corresponding width  of the local field distribution equals
5.9 Oe.
IV. CONCLUSION

To summarize, we have studied the spin dynamics of Ho3+
ions imbedded in a single crystal host matrix of CaWO4 .
Three-quarters of the muons come to rest at interstitial crystal
sites and probe the local magnetic field, while the remaining
muons form muonium. Ions at sites with the full tetragonal
symmetry of the crystal exhibit avoided level crossings, which
produce fast fluctuations of local magnetic fields that suppress
depolarization of muons precessing in the applied field. Our
results confirm that this effect is not reliant on an intermediary spin bath, and so transverse field μSR is an effective
nonresonant probe of magnetic fluctuations at avoided level
crossings [8].
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