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Random anisotropy causes wide distributions of relaxation rates in Tb-Mg-Zn quasicrystals
and amorphous DyAg
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“Power-exponential” zero-fieldZF) muon spin relaxationgSR), where the power varies with temperature,
as observed in icosahedral gy 4,Znsy and in amorphousaim-)DyAg, is shown to be consistent with a wide
distribution of relaxation rates by construction of a closed-form relaxation function representing such a distri-
bution that fits thewSR data. This relaxation function is obtained by Laplace transform of a “double-square”
distribution of relaxation rates, an example of a distribution that is asymmetric about its mean so that its width
can be larger than that mean, a property that is necessary to fit the more extremely nonexponential cases.
Combination with the results df'Dy Mdssbauer effect measurements in DyAg indicates that this behavior is
due to random axial crystalline electric-fiel@EF anisotropy. In addition to creating the random distribution
of moment pointing directions in the asperomagnetic ordered staenddyAg, this creates a wide distribu-
tion of splittings between thé,=J ground doublet and the first excited state, thus causing a wide distribution
of rare-earth paramagnetic fluctuation rates, leading to the wide distribution of muon spin relaxation rates
deduced above. The contrast of simple-exponentialBR ini-GdgMg,,Znsy with double-square-distribution
relaxation in the Tb quasicrystal clearly indicates that a CEF mechanism, probably the same one, is causing the
nonexponential relaxation in the Tb quasicrystal, as well.
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Zero-field (ZF) muon spin relaxation SR, for reviews perhaps for the few degrees above the freezing temperature
of the technique see Refs. 1 anfitRat has been phenom- (~6 K). For the temperature-dependent-power cases, it has

enologically characterized as “power exponential” been arguetf that there is an inhomogeneous distribution of
(local) exponential relaxation rates. If this is true, then the
G (t)=exd —(rt)?], (1) complete relaxation function is a sum over a wide variety of

ith d d 1 has b b d muon sites where different sites have slightly different expo-
with temperature-dependent powes 1, has been observed ,opiq relaxation rates. In the continuum limit, this becomes
in a number of dense-moment disordered magneti

. . . 7)\t . .
systems [e.g., moderately concentrated AgMn, 52 Gn integral of exponential relaxatiog ' multiplied by a

La, ,CaMnOs, (Ref. 6], and has been difficult to interpret, probability distribution of rselaxation rate3(\), thafc is, the
particularly in the paramagnetic state. The authors have ré__a}place transform oP()).” The pciwer—exponenUal rela}x-"
ported varying-power-exponential Z&SR in amorphous ation form [Eq. (1?] resembles a stretched exponential '
(am-)DyAg from 80 K to room temperaturghe asperomag- sometimes used in the analy5|s_ of bulk response of spin
netic ordering is at 18 K, but below 80 K most of tjpSR glasses, and researchers anal_yzmg moderately concentrated
signal relaxes too rapidly to be resolvgdand in icosahedral A91-xMn, (Refs. 3 and # tried to relate the power-
TbgMg.,Zns, from near the spin-glass freezing temperatureeXponem!a| form of the muon spin relaxa_mon to stretched-
(which is ~8 K) to at least 160 K. Figure 1 shows an €xponential moment-autocorrelation functions suggested for
example of nonexponential ZESR spectra in these two ma- spin glasses, or their nonexponential competitors. In the ab-
terials. In all of these materials, the powgris near 1.0 sence of closed-form Laplace transforms of stretched expo-
(simple exponentialat the highest measured temperaturesnentials for ranges of varying power, rather than at indi-
but drops toward 0.5 or even below that as temperature deddual, isolated values op, however, it is not clear if the
creases toward whatever ordering or freezing transition théemperature dependence of the shape observed can be repre-
material undergoes. The relaxation raténcreases in this sented in this way. The asperomagnetisnanfDyAg also
process, and in the materials of Fig. 1, becomes so large thahows that this type of behavior is not limited to spin glasses.

the signal is lost in the apparatus initial dead timepaap- Since all of the cases we are discussing return in their
proaches 0.5, ang can no longer be reliably determined for high-temperature limits to simple exponential relaxation, for
temperatures below that. which P(\) is a delta function, it is reasonable to expect the

In the paramagnetic state far above all magnetic freezingionexponential relaxation at lower temperatures to result
temperatures of a material, the electronic moments are exrom P(\) that has the form of a peak with a central or
pected to be rapidly fluctuating, and the muon spin relaxatiomverage rate., and widthW, , so that the delta function is
function is then expected to be in the fast-fluctuation limit,recovered a%V, —0. Some simple functional forms for such
which is usually exponential. Indeed, the paramagnetic ZPpeaks do have closed-form Laplace transforms, and it is
relaxation function in-GdgMg,,Zns, is exponential, except straightforward to see that they can mimic power-
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Time (us) FIG. 2. Temperature dependence of the average relaxation rate

\o (top) and dimensionless widthv (bottom of the “double-
FIG. 1. ZFuSR asymmetry spectra in the paramagnetic statesquare” relaxation rate distribution, deduced from least-squares fits
of amorphous DyAdtop) and icosahedral T1g,,Zns, at the tem-  of Gye((t) to ZF-uSR in the paramagnetic states of amorphous
peratures indicated, with solid lines showing least-squares fits of thByAg (triangles and icosahedral EMg.,Zns, (circles.
double-square-distribution relaxation function described in the text.

“power-exponential” muon spin relaxation. We have found
exponential relaxation for powers from 1.0 down to no lowerthat a simple double-square distribution of relaxation rate
than~0.7, if the form of P(\) is symmetric about its mean.

This limitation arises from the lower bound on the range of

the distribution’s independent variable only non-negative (w+1) No

relaxation rates have any meaning. If the willth is large Pasd M) = (2N W) : (W+1) A<Ao

relative to\ o, a symmetric distribution would normally have

significant probability for negative, but that does not rep- 1 C Ng< A< (WA DA @)
- 0 0

resent relaxation at all, and so the line shape would need to (2Nqw)

be cutoff at zero, at best. Such a sharp cutoff at0 will (in

Laplace transformationproduce 1/ (or 1t to a relatively

small powe) terms in the relaxation function that prevent it [with P(A\)=0 otherwisg¢ produces by Laplace transform

from fitting our data foram-DyAg or i-Tb-Mg-Zn. If sym-  the ZF relaxation function

metric peak shapes are to have low probabilitx &0, they

can only be increased in width by increasing the average as

well, so that the dimensionless widit=W, /X, will satu- (W+ 1)e ot/WH1) _\yg=rot— g~ (WH1)hot

rate at a finite value even &4, —«. We have found that it Gas() = 2wt ©)

is useful to characterize the width of the distribution in terms

of the dimensionless quantity, because only a dimension-

less quantity can characterize a relaxation function’s shap@hich fits ouram-DyAg and Tbh-quasicrsytal ZkSR data

independent of its relaxation rate. well at all paramagnetic temperatures, as illustrated by the
These arguments suggest that a distributtfin) that is  solid lines in Fig. 1. The temperature dependence of average

asymmetric about its megand with vanishing amplitude at relaxation ratex, and dimensionless widtv for the two

A =0) is necessary to reproduce the entire range of observedaterials, deduced from such fits, is shown in Fig. 2. Tem-
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peratures where the fit average rates are above.80" are  relaxing portion was needed, the latter increasing in relative
not shown because in these spectra so much initial asymm#tensity with rising temperature. Thus the b&bauer results
try is lost in the apparatus initial dead time that the fits peby themselves indicate a distribution of relaxation rates in
come unreliabldin particular, the statistical uncertainty \m am-DyAg.

becomes larger than its estimated value. This occursTfor  FOr €ach muon site contributing simple-exponential relax-
<90 K in am-DyAg and forT<12 K in i-ThgMgZnsg). ation to the Laplace transform, the rdtehich we assume is

Crucial additional information comes froffDy Moss- in the fast-fluctuation limitis inversely proportional to the

bauer spectroscopy on crystallinerf) andam-DyAg which f!uctqatlon_frequency/, and thl_Js proportional to t.he. fluctua-
10y tion time 7= 1/v, of the local field at the muon site:

some of us performed.” First, it was found that the hyper-

fine field, which is proportional to the moment on Dy, is

nearly the same in tham- andcr- compounds and in fact

very clo_se to the DV (‘]:.15/2) freg—|on I|'m|t. Also, t.he In turn, 7 should be proportional to the fluctuation time of
distribution of hyperfine field magnitude iam-DyAg is  yhe magnetic moments on the Dy ions. The experimental
minimal (AB/B=0.02). Second, the spin-relaxation réfee  o5jts summarized in Fig. 2 show that with decreasing tem-
fluctuation rate of the hyperfine field at the Dy nucleiss  perature, the muon spin relaxation rates get distributed over a
generally an order of magnitude slowerdm-DyAg than in  wider and wider range, with an increasing extent of rates
cr-DyAg. The same effect is observed in th&R studies.  corresponding teslow Dy spin motion. This temperature-
The presence of the free ion hyperfine field means that thgependent distribution of rates would be difficult to explain
|15/2) state must be lowest. A cubic crystalline electric fieldin terms of variation in the local environment around the
(CEF, for a review, see Ref. 1las incr-DyAg, will not  muon stopping site in the amorphous material, which would
produce a pure maximud; state, but in a magnetically or- change(B2) (this effect may be present to a small degree,
dered state, the dominance of the exchange interaction prgyt is unlikely to be smoothly temperature depenteint-
duces such a configuration. In the absence of exchange codread, the likely cause is the distribution of local surround-
pling, the CEF ground state ior-DyAg is the I'§ quartet.  ings for the Dy ions. This lowers the symmetry of the CEF
Spin fluctuations are expected to be fast iig while in @ acting on the Dy ions from cubic to axial and changes the
pure|15/2) singlet or|+15/2) doublet there can be neither types of CEF levels and their energetic separation. In particu-
conduction electron nor dipole-dipole relaxation and, in condar, it creates a rather pure- 15/2) (maximald,) doublet
sequence, spin fluctuations are slow. Thesbtwauer results ground state which leads to very slowly relaxing magnetic
correspond well to this picture ior-DyAg: a few K below Dy spins and hence to the appearance of large valuas of
Ty the exchange coupling splits thig, creating an isolated While the ground state is uniform, the separation of the ex-
singlet maximumd, ground state and spin relaxation de- cited CEF states varies, due to the distribution in local sym-
creases rapidly with reduced temperatuream-DyAg, in metry. Because spin relaxation must proceed through the ex-
contrast, very slow spin fluctuations were observed well intccited states in this case, relaxation rates are sensitive to the
the paramagnetic regim@.e., T>T¢), where there is no varying separation of these excited states and thus a distri-
significant exchange coupling of spiiwhich would cause bution of values of\ can be understood in principle.
paramagnetic hyperfine splitting The slowly relaxing There are two spin fluctuation effects contributing to the
|=15/2) doublet must exist independent of exchange splittemperature dependence of the rate distribution shown in
ting. Chappertet al® proposed that 68202 term, which  Fig. 2. First, spin-lattice relaxation is inherently temperature
leads to uniaxial magnetic anisotropy, is dominant in thedependent. Second, there is the effect of thermal population
CEF Hamiltonian. The presence of such a term is a consesf the higher CEF states. The increasing appearance of large
guence of the disturbance of nearest-neighbor configurationslues of\ at low temperatures is explained by the increas-
in the amorphous material, which reduces the local symmeing dominance of the15/2 ground state. These slow Dy
try of the Dy ions from cubic to axial. Evidence for this relaxation channel@istributed because of the distribution in
scenario is seen in the observation of a lattice electric-fieldjround-state separatipmust of course always be present,
gradient(efg) in the Mossbauer spectra am-DyAg (which  but at higher temperatures the faster relaxation channels due
would be absent in cubic symmetry and indeed is not seen ito the population of excited CEF states gain prominence and
the corresponding data of -DyAg). It is found in particular ~ “short circuit” the slow channels. The slow relaxation chan-
that this efg is rather broadly distributed both in size and innels are still there but are not noticeably used by the Dy
direction relative to the angular momentum axis of the Dyspins at higher temperatures. In that sense, with rising tem-
ions. Rare-earth amorphous magnets in general are chargeerature, the progressively smaller width of the rate distribu-
terized by a distribution of magnetic anisotropy rather than aion and the shift of the mean muon spin relaxation rate to
distribution of magnetic-moment magnitudes. lower values are motional narrowing effects.

The Dy spin-relaxation rate iam-DyAg deduced from The same sort of CEF-induced distribution of magnetic
the Mossbauer spectra increases when temperature is raisadisotropy strength can be at work ilTb-Mg-zZn. TB* is
to ~100 K. This is thought to be due to the thermal popu-also a large} ion (J=6) whoseJ, substates are susceptible
lation of higher CEF states. Above 80 K the Massbhauer to CEF splitting, and the quasicrystal structure provides a
relaxation spectra could not be fit well with a single relax-wide variety (though technically not a random selectiaf
ation rate. The inclusion of both a slowly and a much fasterare-earth sites, confusing the exchange interaction suffi-

N=7yo(B2)T. (4
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ciently that spin-glass freezing, not long range-magnetic orbyAg indicates that a distribution of uniaxial CEF anisot-
dering, occurs®*® Meanwhile, our observation of only ex- ropy that is random in not just directiofto create aspero-
ponential muon spin relaxation iRGd-Mg-Zn® where the ~ magnetism iram-DyAg), but also in magnitude, creates the
s-state (=0) G ion is immune to CEF effects, strongly inhomogeneous distribution of spin-relaxation rates. This

suggests that the mechanism of nonexponential relaxation A€ mechanism explal_inls V%’Ty Zg;?'v"n iéTb_-l\_/Ig-Zn ils
the Tb quasicrystal must involve CEF, as this random axial/2'YNg-POWer exponential w e In>d-Vig-2n Itis simple
anisotropy model does exponential: sphericat-state Gd"* is not affected by the

. , CEF
In conclusion, we have shown that varying-power-
exponential ZFeSR in amorphous DyAg andTh-Mg-Zn
quasicrystals is consistent with a wide asymmetric distribu- This work was supported by the U.S. Air Force Office of
tion of local relaxation rates in those materials. CombinatiorScientific Research, the BMBF of the Federal Republic of
with 61Dy Mossbauer results for crystalline and amorphousGermany, and the Swedish National Research Council.
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