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Zero-field positive muon spin relaxation (ZF-@+SR) studies of SmRh4Bq and ErRh4B4 have re-
vealed several features of magnetic moment dynamics in these magnetic superconductors. The shape
of the pSR signal is not simple over most of the temperature range studied in either SMRh4B4. or
ErRh484 because of the complicated nature of both materials. In SmRh48q above 200 K we observe
complete decoupling of the muon spins from the stable, localized samarium ionic moments due to the
extremely fast fluctuation of those moments; below 200 K there is a nearly simultaneous onset of
coupling of the samarium electronic moments to both the muon spins and the "Bnuclear moments.
The muon spin-relaxation rate in SmRh4B4 increases smoothly as the temperature is lowered through
the superconducting transition toward the antiferromagnetic ordering at 0.87 K. In ErRh&B& the
muon spin-relaxation function is a sum of two exponentials down to 50 K, below which the relaxa-
tion becomes too fast to be detected by our instruments, leaving only a signal of much-reduced ampli-
tude at lower temperatures. We attribute the two exponentials to two distinct types of muon site in

the crystal structure: a (high rms field) channel structure around the rare earths, and a (low rms
field) site at the center of the RhB cluster. The deduced fluctuation rates of the rare-earth dipole
fields at the muons are generally consistent with a model of paramagnetic rare-earth fluctuation
mechanisms (Ruderman-Kittel-Kasuya-Yosida, Korringa, and spin-lattice interactions) above 4 K in

SmRh4B4 and above 50 K (i.e., where the signal is fully resolved) in ErRh4B4. Below 4 K in

SmRhqB4, there is excess relaxation that seems to be associated with the magnetic ordering and that
cannot be explained by the model which fits above 4 K.

I. INTRODUCTION

The isostructural RRh4B4 (R denotes rare earth) series
of compounds includes several magnetic superconduc-
tors. ' The subjects of this paper are SmRh4B4, a "coex-
istent antiferromagnet" in which the development of anti-
ferromagnetic order below 0.87 K does not destroy the
superconducting state that sets in below 2.7 K, and
ErRh4B4, a "reentrant ferromagnet" that is superconduct-
ing at temperatures between 0.9 and 8.7 K (polycrystal-
line samples) but is a resistive ferromagnet below 0.9 K.
The discovery of such materials, in which superconduct-
ing order and long-range magnetic order both occur,
when they had formerly seemed incompatible, have pro-
vided new challenges to theorists to explain the phenome-
na observed and subsequent challenges to experimentalists
to detect the subtle eft'ects that will discriminate between
the various theoretical treatments that have appeared.

Qualitatively, the myth of the incompatibility of super-
conductivity and magnetic order sprang from the observa-
tion that all superconducting states known to occur at the
time involved the conduction electrons in a spin-paired di-
amagnetic state, while magnetic ordering above —1 K
(below which mere dipolar coupling of large moments can
in principle cause magnetic order) requires polarization of

the conduction electrons. For most of the famous mag-
netic superconductor materials, it appears to be complicat-
ed band structure (due to complicated crystal structure)
that allows both superconductivity and magnetism to
occur. In the RRh4B4 phases, superconductivity is attri-
buted to rhodium d electron bands, which band-structure
calculations indicate have very low density at the rare-
earth site, while magnetic ordering is attributed to the
Ruderman-Kittel-Kasuya- Yosida (RKKY) interaction,
communicated apparently by rare-earth d electrons (al-
though these are believed to overlap somewhat with the
rhodium d electrons). In addition, RKKY ordering of lo-
calized rare-earth moments involves much less
conduction-electron polarization than transition-metal
magnetic ordering. With such a separation of functions,
coexistent antiferromagnetism is possible, but simple
long-range ferromagnetism cannot coexist —even in
principle —with (s wave) superconductivity, because
nonzero bulk magnetization is still incompatible with the
Meissner eff'ect (coexistence of very weak, "nearly" fer-
romagnetic, or spontaneous vortex-lattice states has been
suggested). The two ordering interactions cannot be total-
ly isolated from each other, however, and their interaction
with each other can lead to effects not seen for either or-
dering in isolation.
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EA'ects of the superconducting interaction on magnetic
properties have proven difficult to find in the laboratory,
other than the suppression of magnetic ordering tempera-
tures by the onset of superconductivity in pseudoternary
alloys. Instead, most of the magnetic properties of the
RRh4B4 materials have been found to be dominated by
crystalline electric field (CEF) effects. The muon spin re-
laxation (@SR) experiments reported here were undertaken
to try to detect effects of "competition" between the su-
perconducting and magnetic ordering interactions in the
magnetic moment dynamics near the various ordering
temperatures. Prior evidence of interesting spin dynami-
cal eftects has been found in "B NNIR measurements of
dilute alloys of heavy rare earths in YRh4B4, but at such
dilution s that no magnetic ordering occurs. Other
researchers have reported on pSR in the (Ho, Lu)Rh484
system, which we will discuss briefly below.

This paper discusses data on pSR in SmRh4B4 and
ErRh484 (with YRh484 as a nonmagnetic analogue) ob-
tained at TRIUMF. Preliminary results on low-
temperature pSR in SmRh4B4 and some analysis of pSR
in ErRh4B4 were reported elsewhere. ' Here we report
data on SmRh4B4 up to room temperature, and develop a
consistent interpretation of the data in the two materials.
After describing how the data were obtained in Sec. II
(Experiment), we present the new data on SmRh484 and
develop a "double relaxation" model to produce physical-
ly reasonable fits to the data in Sec. III (Results). To re-
late SmRh4B4 @SR to ErRh4B4 pSR and to begin to un-

tangle the magnitude of the local field from its fluctuation
rate, we present Sec. IV [Modeling the Muon Site(s)]. We
then show that the deduced rare-earth fluctuation rates
are understandable in terms of well-known paramagnetic
mechanisms, except below 4 K in SmRh4B4, in Sec. V
(Modeling The Rare-Earth Fluctuation Rate). Finally, in
Sec. VI (Conclusions) we propose that the excess muon
spin relaxation below 4 K in SmRh4B4 is associated with
the magnetic ordering transition.

II. EXPERIMENT

Polycrystalline ingots of YRh4B4, SmRh4B4, and
ErRh4B4 were prepared by arc melting and annealing in a
manner typical for these materials. ' The nonmagnetic su-
perconductor YRh4B4 was included in the pSR study as a
"control" material containing no electronic moments (but
including "8 nuclear moments). Powder x-ray diffraction
indicated that the YRh4B4 sample contained approximate-
ly 13%%uo (by volume) RhB and 6%%uo of an unidentified
phase, the SmRh4B4 sample about 15% RhB„7%%uo
SmRh3B2 and perhaps a trace of elemental Sm, and the
ErRh4B4 sample RhB and an unidentified phase to a total
of about 5% of the volume. Superconducting transition
temperatures (midpoint, ac susceptibility of a powdered
portion) were 10.8 K for YRh484, 2.6 K for SmRh484
and 8.6 K for ErRh4B4.

The zero-field (ZF) l4SR technique has been described
in Ref. 10. Data reported here were obtained at
TRIUMF's M20 "surface muon" beamline, with the ap-
paratus described in Ref. 11. The cryostat was a Janis
He gas-flow type; for temperatures below 1.5 K, a cus-

tom He evaporation stage was inserted down the central
access. Trim coils allowed cancellation of the magnetic
field at the sample to +0.1 G. Data (time histograms)
were collected for opposing pairs of counter telescopes. In
zero field, nontrivial data are provided by "backward" (B)
and "forward" (F) histograms, whose theoretical (fitted)
forms are

It is G„(t) that contains information about the magnetic
properties of the material in which the muons have
stopped, because magnetic interactions cause the muon
spin to evolve in time. The time-independent background
can be measured (at TRIUMF, this is done by recording
the counts for several tenths of a microsecond before
t =0, achieved by the judicious placement of delay in the
recording electronics) and subtracted to form
B(t):Ntt(t) btt a—nd F(t)—:Nz(t) bz. —An "asy—mmetry
histogram" can then be constructed from data for oppos-
ing counters by taking the difference divided by the sum:

B(t)—F(t)
B(t)+F(t) (2)

For identical counters [defined by No No No an——d-—
Ao ——A o

——Ao], the corresponding theoretical form would
be just A (t)= AOG„(t). In general, however, opposing
counters cannot be made identical and the instrumental
parameters a—:No/No and p—:Ao/Ao must be included
in the fitting procedure. The experimental asymmetry
A (t) is then modelled rigorously by

(1—a)+(1+aP) AOG„(t)
A (t)=

(1+a)+(1 aP) A osG„(—t)
(3a)

which is the function actually used in fitting asymmetry
spectra. For display, this relationship is inverted to yield
the "corrected asymmetry" in terms of the instrumental
asymmetry and the fitted empirical parameters:

(a —1)+(a+1)A (t)
(aP+1)+(aP —1)A (t)

(3b)

Removal of backgrounds and reduction of two "raw"
time histograms to one asymmetry spectrum reduces the
computer time required to fit the data. Moreover, while
the "normalization ratio" u is rarely very close to unity
and is always subject to systematic variations (e.g. , due to
an intermittent discriminator), the "asymmetry ratio"

N~ ~(t) =bB,F +No' exp( t!&„)—

X [1+A, G„(t)],
where t =0 is the time that the polarized muon stops,
Nii +(t) is measured in positron counts per unit time bin,
bz z is the time-independent random background, Xo' is
a normalization factor (counts per bin at t =0 for the iso-
tropic component), rz is the muon lifetime, Ao' is the in-
itial magnitude of the anisotropy or "asymmetry" of the
parity-violating decay of the muon detected by the corre-
sponding counter telescope (+ A o corresponds to No and

to No) and G„(t) is the muon spin-relaxation
function —i.e., the correlation function

G„(t)=4(S~(O)S~(t) ) .
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P= 1 is usually quite stable and the approximation P= 1

(A 0 =-A 0 -=AD) is routinely used. The corresponding
simplification of Eq. (3a) reduces the number of fitted pa-
rameters still further. When the time-independent back-
grounds are not well known, however, they must be fitted
and Eq. (2) cannot be used. In this case the Nz(t) and
NF(t) histograms can be fitted separately but simultane-
ously, using all the empirical parameters for both B and F
with a common G„(t)

III. RESULTS

Figure 1 shows ZF pSR asymmetry spectra in YRh484
at (a) room temperature and (b) 220+5 K. Spectra taken
at temperatures below 220 K, including those in the su-
perconducting state, were indistinguishable from that
shown in Fig. 1(b), a typical example of the well-known'
"static Gaussian Kubo-Toyabe" shape due to stationary
muons sampling a random, but static, Gaussian distribu-
tion of local magnetic fields:

+2 2

g„(t) = —,
' + —', (1 b,„zt —)exp

where b,„~/y„ is the (single-component) rms width of the
distribution of probabilities of local magnetic fields (y„ is
the muon gyromagnetic ratio, so 6 has the units of a
muon precession rate). The subscript pB denotes the dis-
tribution of local fields at the muon due to the boron mo-
ments; more complicated situations will be described
below in a similar notation. The fitted value of b„z in
YRh484 corresponds to an rms width of 4.0+0.2 G in the
distribution of each component of the local field at the
p+, consistent with dipolar coupling to the "8 nuclear
moments in the sample. The spectrum at room tempera-

ture is consistent with hopping of the muons between sites
at a rate v&. The conventional notation for the dynamic
Kubo-Toyabe relaxation function including the effect of
hopping (using a "strong collision"' model) is
G„(h,vh, t); it is obtained from the static Kubo-Toyabe
function g„(b„t)by numerical integration of the Volterra
integral equation describing the strong-collision model, '

G,",r(b„v„,t) =e ' g,xr(b„t)

+vg dt Ggz faeL 7 vp
0

—Vh~t —t') KT(g h)

The line shown in Fig. 1 is the result of fitting G„ to the
data, assuming the field distribution found at low temper-
atures. The deduced p+ hop rate at room temperature in
YRh484 is v~ ——1.6+0.2 ps ', which is rather slow, but
not unusual for muons in a complicated lattice. '

Figure 2 shows ZF @SR spectra in SmRh&84 at room
temperature and 200+10 K. Spectra taken at 230+15 K
and 275+15 K had shapes intermediate between these.
The spectrum at 200 K is identical to those in YRh484 for
T & 220 K, indicating a stationary muon coupled to static
"8 nuclear moments, but not to the much larger trivalent
samarium electronic moments. The spectra above 200 K
could again be fitted assuming muon hopping within the
same field distribution as for YRh484. Deduced hop rates
are vh ——0.06+0.02 ps ' at 230 K, vh ——0. 11+0.02 ps
at 275 K, and vz ——0.42+0.04 ps ' at room temperature
(even slower than in YRh4B4).

Spectra of SmRh484 below 200 K begin to differ from
those of YRh4B4. Qualitatively, below 200 K the
recovery of the asymmetry at late times becomes weaker
again, indicating that the local field seen by a given muon
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FIG. 1. ZF @SR asymmetry spectra of YRh&B4 at (a) room
temperature and (b) 220+5 K. Solid lines are least-squares fits
discussed in the text. Initial asymmetries differ because the two
spectra were taken in different sample holders at different times.

TIME (~s)
FIG. 2. ZF pSR asymmetry spectra of SmRh&B4 at (a) room

temperature and {b) 200 K. Solid lines are least-squares fits dis-
cussed in the text.
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is not truly static. It is unlikely, however, that this is the
result of muons starting to hop again below 200 K. More
probably it is the local field itself that has begun to fluctu-
ate. This hypothesis is borne out by a more detailed ex-
amination of the data, below. For T(80 K, the decay of
asymmetry in the early bins becomes faster than in the
spectrum at 200 K, which means that the rms local field
must be greater below 80 K than at 200 K. In Fig. 3 we
illustrate this by overlaying ZF-pSR spectra in SmRh4B4
at 200 and 25 K. Below 80 K, no recovery of asymmetry
is seen at late times, but only below 10 K are spectra well
fitted by a simple exponential relaxation of the asym-
metry. The only physically reasonable interpretation of
these results is that the samarium atomic moments gen-
erate a much larger instantaneous field at each muon than
the "B nuclei, but that above 200 K the Sm + moments
are fluctuating so rapidly that they are completely decou-
pled from the muon spin. Then, as the temperature is re-
duced below 200 K, the fluctuation rate of the Sm + mo-
ments becomes sufficiently slow to begin coupling to the
other moments in the material.

The simplest version of this picture is a static field dis-
tribution (due to "8 nuclei) persisting at all temperatures,
to which is added a rapidly fluctuating field distribution
due to Sm atomic moments. It is straightforward to show
that when a static field distribution and a rapidly fluctuat-
ing field distribution (rapidly meaning vs »A„s, where
vs is the average fluctuation rate of the field and

/y„ is its component rms width) affect the muon in a
statistically independent fashion, the resulting relaxation
function is the product of the relaxation functions due to
each of the two distributions acting alone. ' Assuming, as
is usually done, that the field distribution at the muon due
to the samarium ionic moments is approximately Gauss-
ian, and that its fluctuations can be approximated by a
strong-collision model (the surprisingly wide range of cir-
cumstances under which these are good approximations is

discussed below), the fast-fluctuation limit of the relaxa-
tion function due to samarium moments alone is an ex-
ponential decay:

Gzz' (~„sm, asm r)~exp
2h„smt

2~„'smt
)& exp

&sm

It is important to note, however, that Eq. (7) implies that
each asymmetry spectrum at a temperature below 200 K
should fall strictly below the asymmetry spectrum at 200
K for all times t &0. This requirement is clearly not
satisfied by the data, as shown in Fig. 3.

The failure of the simple model above suggests that a
more complicated model is necessary. As temperature de-
creases below 200 K and the samarium ionic moments be-
gin to couple to the muon, they must (at some tempera-
ture) also begin to couple to the "8 nuclear moments, so
that the "8 moments (and the field they generate at the
muon) no longer remain static on a 10 ps tirnescale (how-
ever, this is somewhat at variance with results of "B
NMR in SmRh4B4, where T

&
was observed to be mil-

liseconds or longer in applied fields' ' ). Figure 4 illus-
trates the interactions of the three types of moments. A
similar process for muons in MnSi has been called'
"muon-nuclear spin double relaxation. " Considering the
samarium-boron coupling and the boron-generated field at
the muon in the semiclassical manner of the Kubo-

The product relaxation function is then predicted to be
the static Gaussian Kubo-Toyabe seen at 200 K multi-
plied by an exponential, with the decay rate of the ex-
ponential a function of temperature:

g2 f2
G,' (t) = —,'+ —,'(1 —6 ~r )exp
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FIG. 3. ZF pSR asymmetry spectra of SmRh4B4 at 200 K
(open squares) and 25 K (solid circles), overlaid. Solid lines are
the result of a simultaneous fit of the spectra to the double-
relaxation model described in the text.

FIG. 4. The three types of magnetic moment in SmRh4B4 and
their couplings in the double-relaxation model in the text.
Dashed arrows indicate dipole coupling, the solid arrow indi-
cates the interactions discussed in Sec. V.
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Toyabe calculation, and with some assumptions to simpli-
fy the calculation, the boron-generated field at the muon
obeys

(H(0) H(t))
(H'(0) &

26gsmt

where Azs is the rms field component at the boron nu-
cleus due to samarium moments (times the magnetogyric
ratio ys for ''B). Such a decay in field self-correlation
can be reproduced by the strong-collision model men-
tioned previously (in fact, the process would be better
represented as Gaussian-Markovian, but the difference be-
tween the dynamic relaxation functions generated by the
two versions is small, ' and the strong-collision calcula-
tion was available in our fitting program). Thus we can
replace the static Kubo-Toyabe term in the product relax-
ation function by the dynamic Kubo-Toyabe, to represent
the action of the boron-generated field on the muon:

G,' (t)=G„(b,„~,v'ti, t)exp
2~'smt

vsm
(9)

where

2~asm
vg = (10)

The three different 6 parameters should be constant or
weak functions of temperature (due to CEF effects). They
have been assumed independent of temperature in fitting.
Examples of fits to the data are shown in Fig. 3.

While the magnitude of h„z is fixed by the spectra near
200 K, the assumption of the fast fluctuation limit for the
samarium field at both the boron nuclei and the muon im-
plies that only a lower bound can be placed on A&s,

, and vs . Beyond that, these three can be scaled up
together, keeping the proportionality Azs .A„s ..vs con-
stant (at fixed temperature). This double relaxation model
fits the SmRh4B4. data fairly well from 200 K down to
below 10 K, where, as mentioned before, it is sufficient to
assume simple exponential muon spin relaxation. G,' (t)
becomes a simple exponential when the "hop rate" vz
[Eq. (10)] becomes much larger than b,„z.

dipole-coupling assumption would also be increased. The
corresponding lower bound values (for b,„s /y„=60 Cs)

of the samarium fluctuation rate as a function of tempera-
ture are shown in Fig. 5.

Below 10 K, simple exponential spin relaxation was
fitted to the data, as reported previously. It is possible to
continue to use the double-relaxation model in its ex-
ponential limit form [Eq. (11)] to interpret this. One
reason to do so is that at 10 K the derived parameters
mean that one third of the exponential relaxation rate is
still due to the boron nuclear moments (they have not yet
become insignificant, as the samarium moments are still
partially decoupled by their fluctuations). The
samarium-field fluctuation rate extracted below 10 K (for
b,„s /y„=60 G) is shown as a function of temperature in
Fig. 6.

There is no discernible effect on the pSR spectra in go-
ing through the superconducting transition at 2.6 K. As
temperature decreases to within a few tenths of a kelvin of
the magnetic transition temperature, however, some quali-
tative changes occur. The initial asymmetry, which is
constant from room temperature down to about 2 K, de-
creases somewhat and the fit 7 for simple exponential re-
laxation becomes somewhat poorer. The reduction of the
observed initial asymmetry below 2 K might be due to
superfluid helium creeping onto the cryostat window or
the surface of the sample (as has been seen in other exper-
iments with this cryostat), or to muons stopping in a non-
magnetic environment (so that the spins do not relax, con-
tributing instead a shift in the apparent zero-asymmetry
baseline). No straightforward elaboration of the relaxa-
tion function improved the fits significantly. Below the
magnetic transition (0.87 K) no ordered state precession
was seen, but rather a sum of two exponentials relaxing
from nearly full asymmetry. Thus the field distribution,
while different, still appears random to the sampling
muons in the ordered state. We will discuss this low-
temperature behavior further, below.

The SmRh4B4 @SR data just discussed do not resemble

G,' (t)~exp
2 22~asm ~pB vsm+ 2

t
S ~BS

Fits over the 10—200 K temperature range imply a ratio
of about 5.5 between the rms field at the "Bnucleus and
that at the muon, with lower bounds of about 330 and 60
G, respectively; the large value of this ratio in cir-
cumstances where both spins should be primarily dipole
coupled is surprising (as will be seen in more detail
below). The value of the field at the boron nucleus may
have been inflated somewhat by the replacement of the
(continuous) random-walking boron field at the muon by
the (discontinuous) jumping field (with the same correla-
tion time) of the strong-collision dynamic Kubo-Toyabe
function. If conduction electrons contribute substantially
to the coupling of rare-earth moments to "B nuclei
(RKKY mechanism), the effective field deduced from our

0
~ W

V

50 150 200 250

Temperature (K)

FIG. 5. The fluctuation rate of the field generated by the
samariums in SmRh4B4 as deduced from fits of the double-
relaxation model to the @SR data for T )4 K. The solid line is
the fit of the paramagnetic mechanisms model discussed in Sec.
V.
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FICx. 6. The fiuctuation rate of the field generated by the
samariums in SmRh&B& by extension of the double-relaxation
model down to the magnetic ordering temperature (0.87 K). The
solid line is the extension of the paramagnetic model line of Fig.
5.

FIG. 7. Schematic drawing of the basal-plane channel struc-
ture of possible muon sites in the RRh484 structure.

the ErRh4B& pSR data presented in Ref. 9. There, the
muon asymmetry relaxed to zero rapidly even at room
temperature and it was found necessary to use the sum of
two exponentials to fit the relaxation well. Below 50 K,
the relaxation time of the faster part of the signal becomes
shorter than our apparatus dead time (= 10 ns). The re-
laxation is much faster than in SmRh4B4 because of the
much larger erbium magnetic moment. The two-
exponential relaxation was interpreted as being due to two
different muon sites in ErRh4B4 with quite different rms
fields, while only one site is necessary in the fitting of
SmRh4B4 data above. We were unable to invent a two-
site model for the SmRh4B4 data that was not more com-
plicated than the (single muon site) double-relaxation
model above. After fitting, however, the extracted rare-
earth-field fluctuation rates as functions of temperature
are qualitatively similar for the two materials above about
7 K (and the loss of signal in ErRh4B4 below 50 K results
in no information for it at all below 7 K).

IV. MODELING THE MUON SITE(S)

One major uncertainty in interpreting the pSR data
above is the location of the stopped muons in the lattice.
The crystal structure is complicated and the muons can-
not be expected to sit at positions of high symmetry. Us-
ing the tabulated, "usual" covalent radii of the ions in-
volved, the most room is available between the rare earths
and the rhodium-boride clusters, while the higher symme-
try site in the centre of the RhB cluster is considerably
smaller. A number of slightly different sites are available
next to the rare earth ions, all with similar volumes, and
probably close enough together to form a channel struc-
ture in the plane perpendicular to the c axis of the tetrago-
nal structure (Fig. 7). This suggests that the muon
diffusion seen above about 200 K will be preferentially in
this basal plane. The site at the centre of the RhB cluster
is, on the other hand, isolated. A muon diffusing from
one such RhB center to the next must cross the channel
structure of the other set of sites in doing so.

We have modeled the (paramagnetic state) magnetic
field distributions at these sites by Monte Carlo simula-
tion, assuming dipole coupling. For each site, a cluster of
roughly 400 of the magnetic ions (borons for evaluation of
the YRh&B4 and high-temperature SmRh4B4 cases, rare
earths for the rapid-relaxation cases) in a sphere sur-
rounding the site was generated by a program based on
oRTFp (Oak Ridge Thermal Ellipsoid Plotter) routines.
For each Monte Carlo iteration magnetic moment orienta-
tions were then assigned randomly and the dipole field at
the centre was evaluated. Isotropic moments were used,
to keep the calculation simple. Because we measured
polycrystalline samples, the Monte Carlo program also
chose random orientations of the crystal axes with respect
to the "observer" (the initial muon spin direction).

The rms fields found by simulation at various positions
in the crystal structure are summarized in Table I. All of
the boron-field distributions mentioned in the table were
fairly well approximated by Gaussians with widths indi-
cated in the table, as were those erbium-field distributions
with rms values less than 7000 G. The erbium-field dis-
tributions with rms values above 7500 G were distinctly

Unit-cell coordinates "B field (G) Er field (G)

(0.50,0.100,0.05)
(0.50,0.175,0.15)
(0.30,0.300,0.20)
(0.25,0.250,0.25)

(0,0,0)

(0,0.325,0.847)

5.7
5.7
3.0
3 ' 5

2.2

7400
8400
7800
5600

3400

3400

TABLE I. Monte Carlo polycrystalline average rms com-
ponent dipole magnetic fields at various positions in the ErRh4B&
structure. The first four positions are on the channel structure
between the rare-earth ions and the RhB clusters, (0,0,0) is the
center of the RhB cluster and (0,0.325,0.847) is the position of
boron itself (where the rare-earth-generated field distribution is of
interest for the double relaxation model).
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FICz. 8. Monte Carlo polycrystalline average (component) di-
pole field distribution at the largest interstitial (candidate muon)
site in ErRh4B4.

"fiat-topped, " however (see Fig. 8). In a separate publica-
tion, ' the distorting effect of such flat-topping on the
standard Gaussian Kubo-Toyabe relaxation function has
been shown to be surprisingly small. The samarium-
generated field distributions at these sites in SmRh4B4
should be obtained by rescaling the erbium-generated dis-
tributions by the ratio of the free-ion moments (0.72pz for
Sm versus 9.0ps for Er) times a number near unity
representing the difference in unit cell sizes.

The Monte Carlo rrns component "B field at the site in
the center of the RhB cluster is considerably less than the
value of 4.0 Cx observed in YRh4B4 and SmRh4B4, while
the channel sites's boron rms values span a range covering
the observed value, although none of the four sites chosen
reproduce the value itself. This suggests that muons sit
somewhere on the channel structure in those two materi-
als. With regard to ErRh4B4, we nominate the RhB site
as the low-field site and (somewhere on) the channel
structure as the high-field site. The ratio of Monte Carlo
rrns fields at these two sites is 0.5+0.1, in agreement with
the ratio deduced from the fits to the ErRh4B4 data
(0.38+0.07) in Ref. 9. Table I also shows that the rms di-
pole samarium field at the boron is predicted to be about
one half the rms dipole field at the muon in SmRh4B4,
contrary to dipolar field widths deduced from fitting the
double-relaxation model to the @SR data, as was rnen-
tioned above.

Other than this difficulty in handling the samariums
acting through the boron nuclei on the muon, the numeri-
cal modelling of candidate site field distributions is
reasonably consistent with the observations in these ma-
terials. High- and low-field sites are available, but it is
not clear why both should be seen in ErRh4B4 and only
one seen in SmRh4B4 (although their lattice parameters do
differ'). The rms rare-earth-generated dipole fields at
these sites are above the lower bounds derived from the
fits to the data, so that the fast-fluctuation limit is con-
sistent for those fits. The modeling has been of the strict-
ly paramagnetic state and will not apply in magnetically
ordered states, nor in any critical regimes at temperatures
just above those orderings.

V. MODELING THE RARE-EARTH
FLUCTUATION RATE

In the paramagnetic state, well above any ordering tem-
perature, rare-earth spin fluctuations in a metal can be
caused by the "spin-lattice interaction, "

by Korringa
scattering of conduction electrons and/or by any
paramagnetic remnants of the RKKY and dipolar interac-
tions that cause the low-temperature ordering.

The spin-lattice interaction is reviewed in Ref. 20. Lat-
tice vibrations (phonons) mix the (static-limit) CEF spin
substates of each rare-earth ion, causing transitions be-
tween them. Given two CEF levels

~

a ), and
~

b ) at en-
ergy (e,b) less than k~8D (OD is the Debye temperature)
above it, real-phonon transitions dominate, resulting in an
average fiuctuation rate v, b from

~

a ) to
~

b ) given by

Ce,& ~

(a
~ V~h

~

b)
~

P(a)
V b=

exp(e, i, /ks T) —1

where

(12)

45
3

(13)
2~pa4v'

'

(a
~

V~h
~

b ) is the (phonon) dynamic CEF coupling be-
tween

~

a ) and
~

b ), P (a) is the probability that the sys-
tem is in the state

~
a) initially, p is the density of the

material, and U is the Debye model (isotropic, frequency
independent) speed of sound in the material. Virtual pho-
non processes will not be considered here: most (perhaps
all) CEF levels lie below the Debye energy (k&8D) in
these rhodium borides (the highest CEF state in SmRh&B&
is at about 200 K, in ErRh4B4 about 120 K), and in such
circumstances virtual phonon rates are orders of magni-
tude smaller than the above. The dynamic CEF cou-
plings are dificult to measure or estimate in detail. In
Ref. 20 it is argued that

[
(a

/
Vph

/

b)
/

=e,i, . (14)

where the probability of occupation is governed by the

[Reference 21 has argued, on the basis of a point-charge
calculation, that for each order n of the multipole expan-
sion of the CEF coupling there should be an additional
multiplicative factor of (n +1) . In these materials the
CEF effects are dominated by the electric field gradient
n =2; so if the point-charge argument remains valid for
such metals, estimates of C from Eq. (13) and vs„ from
Eq. (15) below will be increased by about an order of
magnitude. ] The complete set of CEF energy levels (E;)
in ErRh4B4 has been estimated, and the associated levels
for SmRh4B4 can be derived from them (effects of cou-
pling to states of higher total angular momentum J appear
to be necessary for samarium to reproduce recent data on
the anisotropy of single crystals of SmRh4B4, but these
effects are only now being resolved ). The spin-lattice
transition rate vsL is then the sum of the rates between all
pairs of CEF levels,

(E, E;)'—
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Boltzmann distribution over the CEF levels, and the lead-
ing factor of 2 compensates for the exclusion of "down-
ward" transitions (E &E;) in the sum —in equilibrium,
the rates of such transitions must equal those of the corre-
sponding "upward" transitions. Note that Eq. (15) de-
scribes an equilibrium fluctuation rate, not a relaxation
rate. Relaxation rates can be derived from Eq. (15) using
the argument that for small displacements from equilibri-
um the rate of relaxation back to equilibrium is governed
by the equilibrium fluctuation rate. For muons in mag-
netic materials, the standard assumption (used in this pa-
per) is that the ion-spin system remains in equilibrium.
The value of C is not well known because the (Debye
model) speed of sound is not well known for these materi-
als. The speed of sound found in a polycrystalline sample
of ErRh4B4 in a measurement of ultrasonic attenuation
was 5.0& 10 cm/s. Assuming this value and densities of
about 10 g/cm, C is of order 0.06 K s '. We have
evaluated vsI numerically, using that value for C. For
SmRh4B4 the rate is very small below 10 K, rises to
=1&(10 s ' at 20 K, reaches =1&10 s ' at 27 K and
becomes nearly linear in temperature above 80 K, rising
to about 1&10' s ' at 200 K.

The Korringa and paramagnetic limit fluctuation rates
in SmRh4B4 were estimated in Ref. 15. Assuming the
s f exchange K—orringa scattering expression,

vK„,=rr[PN (0)] kii TIE), (16)

where d is the s f exchange co—nstant and N(0) is the
density of states at the Fermi level, and using reasonable
estimates for those two quantities, Ref. 15 found

vK „=[2.4X 10 K ' s ']T. For the paramagnetic limit
of the RKKY interaction, Ref. 15 quotes an expression
derived for dilute magnetic impurities in a host:

]/2
S (S + 1) N (0)8 c

6 9A
VRKKY

where S is the total spin and c is the concentration, which
should be less than 0. 1 for the expression to be accurate.
There is apparently no analytic expression for c = 1, but
Ref. 15 estimates vRKKY=3. 6& 10 s ' for SmRh4B4.

The low magnetic ordering temperatures of the RRh4B4
compounds mean that the dipole interaction may compete
with the RKKY interaction in establishing the ordered
state. If so, then the dipole interaction may also be com-
petitive with RKKY in causing paramagnetic fluctuations.

The estimates above suggest that once the temperature
is above the critical regime (if any) near the magnetic or-
dering, the paramagnetic RKKY mechanism should dom-
inate the fluctuations below about 10 K in SmRh4B4, the
Korringa mechanism should contribute to temperature
dependence from about 10 to 30 K and the spin-lattice
fluctuations should take over above that. We wish now to
relate these rare-earth single-ion fluctuation rates to the
(strong-collision model) effective fluctuation rate of the
field at the muon. The field at the muon is the sum of
contributions from a number of ions, and if only one of
those ionic moments changes (even if in a manner con-
sistent with the strong collision model), the field at the
muon after the change retains some memory of its value

before the change, in violation of the simple strong-
collision model. In general, it is then more correct to use
the term "correlation time, " the inverse of the "fluctua-
tion rate, " but in these circumstances, the effect of the
memory retention across a single-ion fluctuation on the
apparent fluctuation rate at the muon is simply to multi-

ply the single-ion fluctuation rate by a positive number
less than one (the two rates are proportional).

We have least-squares fitted the sum of the three mech-
anisms to the SmRh4B4 fluctuation rate above 4 K, with
the overall magnitude of each of the three adjustable by
the fitting routine. The fit (solid line in Figs. 5 and 6) re-
turns an RKKY rate of v«K Y = 1.2 ~ 10' s ', a Korrin-
ga rate constant of vK,„„/T=(3.4+0.6)X10 K 's
and a spin-lattice constant of C=0.02 K s '. These
are within factors of 3 of the independent estimates above,
which is acceptable given the crudeness of some of the ap-
proximations, but the apparent RKKY rate is high while
the apparent spin-lattice rate is low. The sum of the three
mechanisms was not fitted to the data below 4 K because
it cannot reproduce the negative second derivative of rate
with respect to temperature that is obvious in Fig. 6. The
rapid decrease in the apparent fluctuation rate (i.e., the in-
crease in the muon spin-relaxation rate) below 4 K is
probably associated with the orderings at 2.7 and 0.87 K.

The same three paramagnetic fluctuation mechanisms
should also govern the erbium fluctuations in ErRh484
well above the ordering temperatures. The formula for
the Korringa rate [Eq. (16)] does not depend on the prop-
erties of the rare-earth ion (the exchange constant cf is
"per unit spin"), so that rate should be the same as in
SmRh4B4. The RKKY rate [Eq. (17)] depends on
S(S+1), which in the rare earths is represented by the
deGennes factor (gJ —1) J(J+1). The deGennes factor
is smaller for trivalent erbium than for samarium and it
enters as the square-root here, causing a reduction of the
predicted RKKY rate by 25%, to v~~Kv(Er) =2.7X10
s '. The difference between the spin-lattice rates for the
various ions lies in the distribution of the CEF levels in
Eq. (15) and, for the CEF level scheme discussed above,
causes a slower fluctuation rate in ErRh484 than in
SmRh4B4, for a given value of C. Note that any dipole-
coupling fluctuations should be much stronger in
ErRh484, because the magnetic moment of trivalent erbi-
um is much larger than that of samarium.

For the same sort of fit of these paramagnetic mecha-
nisms to the erbium-field fluctuation rate reported in Ref.
9 from 7 to 155 K (Fig. 9), the observed rate versus tem-
perature is not reproduced as well as for SmRh484. The
apparent RKKY rate is 3&10 s ', an order of magni-
tude above the estimate; the Korringa rate constant is less
than 4&10 K 's ' and consistent with zero; and the
apparent spin-lattice rate C is 0.4 K s ', also an order
of magnitude larger than the prediction. The RKKY and
the Korringa terms contribute below 50 K, where only a
small remnant initial asymmetry was observed, so that
systematic (baseline and background) effects were much
harder to control and are not represented in the error bars
on the graph. From 50—155 K, the ErRh4B4 and
SmRh4B4 fluctuation rates are consistent if the samarium
rates are scaled up to match. (Recall that the vertical
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FICx. 9. The least-squares fit (solid line) of the paramagnetic
mechanisms model to the fluctuation rate of the erbium-
generated field in ErRh4B4 (data from Ref. 9) for 7 ~ T & 155 K.

scales on Figs. 5, 6, and 9 are lower bounds: they can be
multiplied by any number greater than one. ) The
"sidestep" in the upward trend of the (apparent) erbium-
field fluctuation rate between 155 and 200 K (seen in Fig.
2 of Ref. 9) can be explained as due to the onset of muon
hopping. The larger high-field site asymmetry in the data
and the larger number of (high-field) channel-structure
sites compared to the (low-field) RhB-cluster sites that
seem available in the crystal structure suggest that when
hopping starts, most muons that initially stop in a low-
field site will make their first hop to a high-field site, but
not vice versa. The function that was fitted to the data
above 200 K did not allow for this possibility. Thus the
onset of hopping will increase the "average" field that the
muons see, causing faster depolarization to compensate
the decoupling effect of faster field-fluctuation rate as tem-
perature increases, in a narrow range. The argument
ceases to apply as soon as the hop rate approaches the
high-field site stationary-muon depolarization rate, but at
that temperature the sites are being averaged over and two
exponentials are no longer necessary to fit the data (as
temperature approaches 300 K in ErRh4B4).

The pSR data on SmRh4B4 and ErRh4B4 discussed in
this paper are generally consistent with @SR data on
(Ho, Lu)Rh484 alloys published by other authors, and the
interpretation scheme above could quite likely be applied
to those alloys too. In HoRh4B4, as in ErRh&B4, the
muon spin relaxation becomes too rapid to resolve at low
temperatures, for the same reason. Those authors attempt
to deduce information about holmium moment dynamics
from the low temperature, reduced amplitude signal, but
the details at these temperatures are likely to be different
in HoRh4B4 versus ErRh&B4, because the two rare-earth
ions have quite different low-temperature CEF level
configurations in these materials. In a sample with only
2% Ho in LuRh4B&, as in SmRh4B&, the fluctuation rate
of the holmium electronic moments becomes so fast above
50 K (in comparison to the rms field they produce at the
muon, which is reduced by the dilution with lutetium)
that they are decoupled from the muons, which then see
only a static nuclear dipolar field distribution attributable

to "B nuclei, followed by the onset of Ho-p coupling as
the temperature is lowered.

We are left with the apparent excess slowing down in
SmRh4B4 below 4 K (Fig. 6). Since the muon spin relaxa-
tion is exponential in this range, it is pure slowing down
only if the field distribution at the muon site retains the
same form as at higher temperature. In general, distor-
tion of the field distribution can occur as well as slowing
dov n of spin fluctuations as short-range correlations set
in. There is still no evidence of the superconducting tran-
sition (2.6 K) in the @SR data. Note that while Ref. 8
treated the relaxation as though it diverged at T+, this
may not have been an appropriate assumption. Unlike
bulk susceptibility, which at certain types of transition can
diverge in the sense that its value will be limited only by
the size of the sample that is undergoing the transition,
there are limits on spin-relaxation rates (the energy densi-
ty of the eft'ective field causing the relaxation must remain
finite, for example, and it is difficult to imagine a cir-
cumstance that would relax muon polarization faster than
about 4.5 GHz [the hyperfine coupling in muonium]).
Thus the use of the term "divergence" for a relaxation
rate (measured by p, SR, NMR, or whatever) merely indi-
cates that it increases until no longer measurable as the
transition is approached (see, for example, Refs. 18 and
29). In SmRh~B4, however, the maximum paramagnetic
relaxation rate observed is less than the rate just below
Tz. As short-range correlations mimicking the ordered
state set in, the rms components of the field at the muon
should approach those in the ordered state just below the
ordering temperature, and while the spectrum of fluctua-
tions may become complicated, the average fluctuation
rate is unlikely to drop much below the average rate just
below the ordering temperature. Below T&, the p, SR sig-
nal continues to be relaxing from nearly full initial asym-
metry, with no evidence of a unique ordered state magnet-
ic field at the muons (that is, there is no hint of coherent
precession of the muon polarization about such a field).
This suggests a complicated antiferromagnetic ordering,
such as has been seen in NdRh&B4 and TmRh4B4, ' which
would cause an apparently random distribution of fields
at the muon site(s) different than the paramagnetic state
distribution. In the ordered state of SmRh4B4 a two-
exponential spin relaxation reminiscent of paramagnetic
ErRh4B4 suddenly appears. Perhaps magnetostriction
makes the RhB-cluster site more attractive, or perhaps
one crystallographic site becomes two sites with respect to
the magnetic ordering structure (though this is difficult to
reconcile with the apparent disorder of the field distribu-
tion at each of the two sites). With the ordered state sig-
nal fully resolved (there is no missing signal), the p, SR sig-
nal can evolve smoothly from the paramagnetic toward
the ordered in the "critical regime" and need not
"diverge. " Some researchers, however, do prefer to con-
tinue fitting diverging equations to their data near transi-
tion temperatures even when the data merely peaks at the
transition, ' when theory predicts divergence.

If we assume that the rms component field at the muon
does not change much as the magnetic ordering tempera-
ture is approached from above, then we can call the ex-
cess relaxation "excess slowing down" as a function of
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theory of the critical behavior of an antiferromagnetic su-
perconductor, which we have not attempted at this time.

I

N

C3

SrnRh B

T-O.87 (K)

FIG. 10. Logarithm of "excess slowing down" of fluctuation
rate in SmRh4B4 versus T —T& (where T~ ——0.87 K). Best-fit
straight line is shown.

VI. CONCLUSIONS

Zero-field pSR in the RRh4B4 materials has proven to
be rich in phenomenology. In this paper we have shown
that the @SR data in SmRh4B4 and ErRh4B4, which at
first appear so different, can be consistently interpreted in
terms of well-known rare-earth spin-fluctuation mecha-
nisms at all temperatures at which the signal is well
resolved in ErRh4B4 and down to 4 K in SmRh4B4.
From 4 K down to Tz in SmRh4B4 there is excess relaxa-
tion that seems associated with the magnetic ordering.
This excess relaxation may be due to critical slowing
down of the samarium moment fluctuations and/or to in-
creasing average field magnitude at the muon as short-
range order develops above the long-range ordering transi-
tion.

temperature. Phenomenologically, this fits very well to an
exponential (nondiverging) form:

v,„=vz- exp[ D(T —T~)—]

where vz is the limiting rate as the temperature ap-

proaches T& from above, and D is the decay constant.
This is shown by a plot of ln(v, „) versus T —Tz in Fig.
10. The deduced vr is (56+1)X 10 s ', the deduced

decay constant is 0.58+0.08 K '. Any similar calcula-
tion involving a changing field distribution at the muon
site would require a detailed model of the field distribu-
tion as a function of temperature (see, for an example,
Ref. 32), which should be part of the apphcation of a
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