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ABSTRACT

The temperature dependence of the Ho-ion fluctuation rate
rm-l in the pseudoternary compound Ho,Lu;_,Rh,B, is obtained
using the zero-field muon spin relaxaticn technique, primarily
for x = 0.02. A sharp reduction ir tlie magnitude and a change in
the temperature dependence of t_ ° occ'r at the superconducting
transition temperature Tg. Above T, the temperature depeudence
of 1t ' can be attributed to an activated relaxation process,
whereby fluctuations occur by excitation to the first few
crystal-field-split states. Neither tl.,e temperature dependence
nor the eharp change in _~ " at T < 'y are presently understood.
The data are contrasted uTth the recent NMR data of Kumapil and
Fradin for dilute Gd- and Er-based rhodium borides, which have
very different <crystal-field-induced level @echemes from

lo,Luj_ Rh,B,.



I. INTRODUCTION
The study of the interplay of magnetism and superconductivity, a topic
of interest for some time in solid-state phys:lcs.l has received recewed

2 of rare—-earth

interest following the discovery by Matthiae and coworkers
(RE) ternary and pseudoternary compounds which exhibit both magnetic nd
superconducting phase transitions. A particular class of these compounds,
the rare-earth rhodium borvrides (RERhaBa), has been extensively studied.3
and thus the ferromagnetic, superconducting, and paramagnetic phase
boundaries for these systems are by now well known.J»4

In previous publication35'6 we have reported muon s8pin relaxation
(uSR) measurements in the compounds (HoxLul_x)Rh434 and (deLul-x)thnk for
x =0, 0.7, and 1.0. The uSR technique is an excellent local probe of the
rare-earth dynamics in these systems, both because the u+ is frozen in the
lattice below about 200 K5 and because the measurements can be peiiormed
without the perturbative effects of an applied field. A comyarison of the
uSR measurements in the Ho- and Gd-based compounds establishes that the
Ho-ion dynamics are strongly influenced by the crystal-field level
splittings. The most striking result, however, is a sharp shoulder in the
temperature dependence of the Ho spin-lattice relaxation rate at the
superconducting transition temperature T, « 7.7 K for x = 0.7. In order to
Investigate further the effects of superconductivity on the Ho-ion
dynamics, we have undertaken new measurements for the x = 0.35 and 0.02

Hystems. Here we report primarcily zero-{ield measuremen:s in

(Ho.ozLu_gs)Rhaﬂa. which becomes nuperconductlpg at T' = 11.3 K.



II. EXPERIMENTAL DETAILS

The experiments were performed at the Clinton P. Anderson Meson
Physics Facility (LAMPF) using the zero-field, time-~differential uSR
technique.7 Briefly, a beam of spin-polarized muons i1s stopped im the
sample of interest, and the relaxation rate of the muon spin is monitored
by observing the time evolution of the spatial distribution of muon decay
positrons relative to the initial muon polarization direction. The sample
temperature was variel between ) K and room temperature and was regulated

to within 0.1 K. The sample preparation is described in Ref. 5.

IIT. ULATA ANALYSIS

At different temperatures three distinct forms for the muon spin
relaxation function G,(t) were observed. These are plotted in Fig. 1.
A. T = 50 K

At 50 K Gz(t) was found to be well described by the static zero-field
relaxation function derived by Kube and Toyabe7'8. This form of Gz(t) ina
appropriate for a time-independent, Gauseian diarribution of local magnetic
flelds at the u+ site. The measured width of the field distribution, about
4 gauss, indicates that the u+ spin relaxation is caused primarily by u+
precession about the host nuclear dipolar fle.ds. The return of the
long-time portion of Gz(t) to ovne—-third indicates that the local field is
eftectively random in direction and static in nature.’»8 Furthermore, the

Ho-ion wpins wust be fluctuating so rapidly that they produce no relaxation

of the u+ polarization at thia temperature.



-t~
B. 15 K< T< 50K

As the temperature is lowered the form of G,(t) changes, until at 15 K
rhe relaxation function is well-described by a simple exponential (Fig. 1)
ti,(t) = exp(-Ajt), where A} is the u+ spin-lattice relaxation rate. The
dominant relaxaction mechanism at T = 15 K 1s thus produced by the
fluctuating Ho moments, as discussed below. In the temperature region 15 <
T < 50, the effective Gz(t) was taken to be the product of cn exponential
and the Kubo-Toyabe function, because the nuclear- and 1ion-induced
broadening mechanisms are independent of each other.

C. T<T,

At T < T, the form of the relaxation function again changes,
exhibiting the two-component form seen in Fig. l. These data were fit with
the function Gz(t) @ (1 - a(T)) exp(-ot) + a(T) exp(-xzt). One finds that:

1) 0 18 essentially independent of temperature, with an average
value of 1.5 ¢ 0.6 us'l, or about 130 G.

1) a(T) is about 0.6 at T = 11 K, and falls to 1/3 for T < 8 K
(Fig. 2, top).

111) A, (T) falls exponentially with decreasing temperature below Tg,
with an activation energy 9.8 ¢t 1.3 K (Fig. 2, bottom). From these facts
we conclude that the observed two-component relaxation function Lndicates

the onmet of quasistatic Ho-ion motion at and below T The relaxation

sl
function 1is characterized by an {inhomogenevus line width ¢ and a
local-field fluctuation rate A,(T), with ampiitude a(T). The 1/3 value of

a(T) at luow temperatures {s {ndicative of a random, quasistatic field

distribution, as for the nuclear cace.
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We have estimated the expected inhomogeneous line width '1‘2'1 using the
formalism of Walstedt and Walker? for dipolar couplinz. (The hyperfine
coupling of the put to the conduction ele~trons is small in metals,lo and,
hence, the p*-ion dipolar coupling dominates indirect mechanisms such as
RKKY). To calculate Tz'l one must compute the thermal average of the
z=component (perpendlicular to the u+ spin) of the Ho-ion spin, <Sz>. As
discussed below, the crystal fields produce a two-level, Ising-like wave
function for the Ho-ion ground state. This, together with the assumption
of short-range ferromagnetic order,11 ylelds <Sz) =l/2. Using
Baffup = 10.25 uB.ll we find Tz'l - 8 us'l, or about 95 G (using the muon
gyromagnetic ratio of 8.51 x 104 s~1g-l). This is in reasonable agreement
with the value of ¢ which we measure, confirming the assignment of dipolar

coupling and the assoclation of ¢ with inhomogeneous broadening.

I''. RARE EARTH DYNAMICS

A. T > Ts

At temperatures T > T, the form of the measured reiaxation functiva
G,(t) (Fig. (1)) 1indicates that the Ho-spin system is 1in tha
fast-fluctuating or mctional-narrowing regime, characterized by the
relation oty <¢ 1, where 1, is the Ho-ion correlation time. The relation
between the muon relaxation rate A, and Tty in zero fleld is therefore
3lven12 by an equation of the torm A} = Cptpe We have calculated the
power-averaged, dipolar coupling Cp for the casa of dilute, Ising-like
magnetic impuritlies located at random sites relative to the u+, using both
longitudinal and transverse relaxation wechanisms.!2 We obtain CD = 5,5 x
19lhg=2, Alternatively, one may estimate the coupling from the

inhomogeneous line-width o, assuming that the ut experiences a sudden
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change 1in the local dipole field resulting from uncorrelated Ho-spin
fluctuations (the "strong-collision" node17). One finds Cp = Koz. where K
1s of order 5, and thus C) = 6.6 x 10143'2, in good agreement with the

other method of calculation. The values of tm'l

obtained in thia way are
shown in Fig. 2 for T > Tge
B. T« Ts

In the reglon of quasistatic Ho-ion motion, the u+ spin follows the

changing local-dipolar field adiabatiecally. Specifically, ore has’

¢ -1

a " 1.5 Xpe The temperature dependence of rm'l for T < Tg 18 shown in

Fig. 2.

V. DISCUSSION

The cause of Ho-ion relaxation is of considerable interest. Two basic
mechanisrs are possible, indirect spin-spin exchange coupling (RKKY)12 or
direct relaxation due to s-f exchange (Korringa mechanism).!3 For the RKKY
process, tm‘l is proportional to x, while Tm-l is indupendent of x for the
Korringa mechanism. The dipole coupling strength Cp 18 proportional to x2.
At T = 100 K, the measured ySR rate A for x » 0.35 i{s proportional to x2
(Fig. 3), 1indicating that the Korringa process 1is dominant. The same
mechanism has also been cbserved in SmRh,B, at high temperaturea.lA For
11 K<T < 50 K the uSR rate is too large to be observed.5 and hence the
concentration dependence of Tm'l cannot be determined. Nevertheless, it 1is
till posaible to infer the relaxation mechanism.

For very dilute Gd- and Er-based systems, Kumagal and Fradinl3 report
that the RKKY process is dominant for T « Tge The low-lying eigenstates of

the crystal-field Hamiltonian are very different {n these systems compared

to (“°xL“1-x)“h454- however. We have computed the (RE)Rh,B, level
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structure by diagonalizing the Hamiltonian for ZZm point symmetry using
the crystal-field parameters of Dunlap and Niarchos.l® 1In the Ho systems
the ground and first-excited states are each doubly degenerate, with nearly
pure (18> and |%7> wave functions, respectively. The first excited states
occur at T = 55 K. Allowed transitions from [t8> to |¥8> can therefore
only occur through small admixtures of different J, elgenfunctions in the
ground and excited states, which are separated by at least 55 K. Thus,
whether the relaxation occurs through Korringa or RKKY processes, the
magnitude of Tm_l in the Ho-based compounds at low temperatures should be
significantly smaller than for the Gd or Er systems, where the eigenstates
allow significant ground-state relaxation. (The s-f exchange is assumed to
be nearly independent of the RE in RERhABA compounds.15'17) In fact, Tm-l
for (“°.02L“.98)Rh43a at T = 15 K is about 25 times greater than for
(E'.OOOZY.9998)Rh434 at the same temperature., We thus infer that the
concentration-dependent RKKY process 1s dominant at T = T, for both
compounds. The temperature dependence of Tm-l in (Ho.ozLu.93)Rh434 at
T 2 Tg 18 consistent with an activated process where relaxation occurs only
via excited states. A similar behavior was observed in HoRhaB,..5

At T = Tg, = =1 drops sharply to a value about 100 times smaller than

m
the rate extrapolated from the data at T > '1‘B (Fig. 2, bottom). In
ad1ition, the temperature dependence changes as well. A less drastic
change in KE dynamics for T ¢ T, 1s found by Kumugai and Fradin for
RE = Gd, Er systems,ls albeit in an applied magnetic fleld. How this large
change {n Ho dynamics occurs Ls unknown, but the solution is likely tied to
a description of the exchange mechanism 1in the presence of both

superconductivity and the low-lying, crystal-field states. In particular,

thc {inverse-~temperature dapen. 'nce ot Tm-l appears to be exponential
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(though measured only over 1 decade), but with an activation energy about
1/5 of the ground to first-excited--state splitting. NMR data in YRh43415
at T < T, are consistent with a superconducting gap parameter 2, = 6.6 Ty,
in contrast to the usual BCS value of 3.5 Tg- Interpreted in this way the
exponential activation energy wnich we measure corresponds A, = 1.8 Tg.
Such an assoclation 1s speculative at this point, however. Fina y, the
gradual change of the fluctuating amplitude a(T) for T < T, (Fig. 2, top)
may be due due to the presence of a mixed superconducting state, which only

becomes homogeneous as the temperature is lowered well below Tge

*Work supported by the U.S. Doe, NSF Grant No. 7909223, and the
U.C. Riverside Committee on Research.
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FIGURE CAPTIONS
Zero—field muon spin relaxation function Gz(c) vs. the time between
u+ stop and decay. The lines are fits to the respective functione
as discussed in the text.
Top: Amplitude of the fluctuating component of the muor spin
relaxation function Gz(t) vs. temperature.
Bottom: Ho-ion fluctuation rate rmrl vs. inverse temperature.
Note the break in logarithmic scale. The dotted lines in both top
and bottom are shcwm to guide the eye.
Muon spin relaxation rate X, vs. square of Ho-ion concentration in

Ho,Lu;_,Rh,B,. Data for x = 1.0, 0.79, 0.35, and 0.02 are showm.

The x « 0.02 datum is at the origin.
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