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Ground state of the geometrically frustrated system YSoMn, studied by muon spin relaxation
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We performed positive muon spin relaxation measurements of the geometrically frustrated system
Yo0.0:5G 0dMn,_,Al,),. A spin freezing with a static magnetic field of 0.05 T was found at 2.5 K inxthe
=0 compound while the&x=0.1 compound freezes at 45 K with the internal field of 0.17 T. Inxhke).02
compound, the relaxation rate shows a marked thermal hysteresis; the maximum rates occur at 10 K on cooling
and at 20 K on heating, whereas the sudden changes in the initial asymmetries occur at 40 K in both processes.
The results for thex=0 compound are interpreted as a freezing of minority paramagnetic Mn moments
induced by imperfections such as Sc and/or muon charge while majority Mn moments form singlet tetrahedra.

[. INTRODUCTION nearest-neighbor spacing so that the situation is rather com-
plicated in low dimensional lattices. It is likely that conduc-
The ground state of highly frustrated spin systems hasion electrons give less difficulty in the case of three-
been controversial since Wanrliedemonstrated macro- dimensional frustrated systems. In contrast to anti-
scopic degeneracy in the ground state of the triangular lattickerromagnetic insulators, itinerant electron systems have an
antiferromagnet. Anderséproposed an attractive idea that a extra degree of freedom to release the spin frustration by
guantum effect produces resonating valence bonds resultimgducing the magnitude of the magnetic moments in addition
in a spin liquid state. Much theoretical work has been de+to the angular orientation of momerits.
voted to verify these ideas, especially in relation to strongly YMn, is an intermetallic compound with the Laves phase
correlated electron systems such as oxide superconducto§15) structure, where Mn atoms form a corner-sharing tet-
Experimental trials to reveal the ground state of the triangu¥ahedral lattice. At 100 K, the itinerant electron character of
lar lattice antiferromagnet have been blocked by phase trarparamagnetic YMpnchanges into a localized spin character
sitions into three-dimensional ordering due to subsidiary inwith magnetic moments of 2uf in the first-order transition.
teractions such as weak interplane coupling. Below the temperature a helical magnetic ordering appears
Besides two-dimensional frustrated systems such as theccompanying a tetragonal distortion and a 5% swelling of
triangular lattice antiferromagnet, there exist a number othe lattice’” The instability of magnetic moments in YMn
three-dimensional geometrically frustrated systems comresults from strong frustration in the itineragvelectron sys-
posed of antiferromagnetic tetrahedrm these systems tet- tem close to a magnetic-nonmagnetic transition. A Hubbard
rahedra made of four triangles extend three dimensionally bydamiltonian deduced from the Blume-Capel model could
sharing corners or edges. Thecl§ites in the spinel struc- provide an insight into the stability of the magnetic moments
ture, the pyrochlore structure, and the Laves phase structuie itinerant antiferromagnet®&Mn,.> This model demon-
are examples of lattices composed of corner-shearing tetratrated successfully the existence of the mixed phase with
hedra, while the fcc lattice consists of edge-sharing tetraheaonmagnetic sites in addition to magnetic and nonmagnetic
dra. Compared to triangular lattices, there have been mugbhases.
fewer studies of the strongly frustrated tetrahedral sysfems. The magnetic ordering is suppressed by applying a rel-
Most studies of spin frustration have been confined toatively weak hydrostatic pressufteAlternatively, the 3%
insulators. The corner-sharing tetrahedral systems include substitution by smaller Sc atoms for Y atoms also suppresses
number of intermetallic compounds with electrical conduc-the structural and magnetic transitions due to chemical
tivity. The magnetic interaction via conduction electrons ex-compressiofi.Y 9.5 0dMIn, is an itinerant electron system
tends three dimensionally to greater distance than thwith a high specific-heaty value in excess of 140
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mJ/K2mol1° The magnetic susceptibility of S oMn, UR-N LU L B 00 NI B
is almost temperature independent above 100 K but increases

divergently with  decreasing temperature at low
temperature$’ The Curie-Weiss fraction of the magnetic
susceptibility yieldgp~0.2ug and 6~ 7 K so that it may be
attributable to minority magnetic moments induced by some

I x=0 0.1K
H,_=0mT

0.1

0.1 0.

imperfections. No magnetic ordering has been detected by . Time (us)
NMR down to 0.07 K £01
By paramagnetic scattering of polarized neutrons, E
a marked spin correlation is observed even at 300 K at >
<C

=1.5A"1 corresponding to twice the nearest Mn spacing
which indicates a strong antiferromagnetic spin correlation

between neighboring Mn momerltsThe observed spin cor- oy (M

relation is not relevant to antiferromagnetic short-range order bt 2T T Ty e T L

of localized magnetic moments but soft mode of spin fluc- - bt o, e ™
tuations. The scattering intensity decreases as temperature is 0.0 = L o

lowered; the amplitude of the antiferromagnetically corre- T T A I A W

lated spins was evaluated to be dg3at 8 K. Our recent 0 1 2 3 4 5
measurements did not detect any change in the neutron- Time (us)

scattering spectrum down to 1.35 K. Inelastic neutron-

scattering experiments on a single crystal gfg¥5¢ odMn, FIG. 1. Typical time spectra for th&e=0 compound. Solid

revealed that the spin-fluctuation spectrum is strongly anisceurves are the best fit to the relaxation functions in the text. The
tropic near(1.25 1.25 0 but has no magnetic scattering at inset is the prompt part of the zero-field spectrum taken at 0.1 K.
any reciprocal lattice points at 10 ¥.The results are inter-
preted in terms of short-lived four-site collective spin singletent metals with 99.9% purity by arc melting in an argon
tetrahedron. ) ] ) atmosphere followed by annealing at 800 °C for one week.
These remarkable behaviors were interpreted in terms qhnly fresh specimens were used for the measurements be-
quantum spin liqui?® but Lacroix and co-workef$ atirib- ¢4y se they get easily spoiled during long storage. The quality
uted them to the giant spin quctuauon; charactensqc to th<_=0f the prepared specimens was checked by means of x-ray
heavy fermion system close to magnetic-nonmagnetic transkifraction and magnetic susceptibility measurements.

tlorjl_;]nduceigl Iby s;r??q{_geor?etr|cal frusttr_atl'gln.t for M The "SR measurements were performed with the con-
€ partial substitution of hohmagnetic Al atoms for Mn tinuous .t beam at the M13, M15, and M20 channels of

atoms gives rise to a remarkable change in magnetism. FQ{IRIUMF d :
. own to 0.1 K using a gas-flow-type cryostat and a
example, %.975¢,0dMno.Alg 1), has @ much larger magnetic dilution refrigerator. A superconducting magnet produced

susceptibility and shows a field cooling irreversibility below longitudinal magnetic fields at the specimen up to 2 T
40 K suggestive of spin glas3.An anomalous volume ex- '

pansion below 150 K implies the growth of the localized
magnetic moments below that temperature. In contrast to the lll. RESULTS
case of Y975 odMIN,, the neutron-scattering amplitude of
zero energy transfer @=1.6 A~! grows markedly as tem- dif
perature is reduced to 10 K due to spin-glass freeZing.
Whether the Al substitution in Yq:SG ogVIn, changes the

u SR spectra were measured below 150 K whare
fusion is not appreciable. The zero-field spectra at high
temperatures give the nuclear dipolar field of 0.2 mT. From

lectronic stat dually without bh bound th the magnitude of the nuclear dipolar field computer simula-
electronic state gradually without phase boundary or not, on suggests the muon site to be at the $Bes close to the

not been elucidated. In any case, the Al-substituted Comr'eported site for CeAl?! All asymmetries of the decayed

pound is an excellent reference system for the study of frus[f)ositrons observed in zero field and longitudinal fields show

tration in ¥o,975G,oMny. . monotonic decreases with time and no precession spectrum
Here we report t_he results of muon spin relaxafip&R) as observed in the measured temperature range.
measurements which were carried out to reveal the groun\g Figure 1 shows some typical time spectra for the0

state of the strongly frustrated system,gfSgoMn, by ompound. For the analysis of the time spectra at high tem-
comparing with the Al substituted compounds. We eXpeCte(Eeratures the powered exponential relaxation function
the observation of the muon relaxation due to the soft mode '

of the zero-point spin fluctuations at the lowest temperature.
YMn, and its related compounds have been studieg SR

technique so far but the measurements are limited to a rathg\;as applied whera is the relaxation rate corresponding to
high-temperature regioff:'° A part of the present study has

. , X “> 1T,. It is clear from Fig. 1 that the stopped muons are
been already publishéwhich are in good agreement with subject to static fields at 0.1 and 1%KSince the spectra
the results above 3.5 K reported by Kalvius and

kerd® exhibit no precession and no clear dip after rapid decrease
CO-WOTKETS. from the initial asymmetry, it is likely that the static fields

A(t)=Aq exp{— (\1)P}, 1)

Il. EXPERIMENTAL PROCEDURE ?nr:n\/tv;dely distributed and attributed to randomly frozen mo-
Polycrystalline specimens 0fp%:S¢ od Mn; _,Al,), with We assumed the Lorentzian distribution of the random

x=0,x=0.02, andk=0.1 were prepared from their constitu- fields because any rounding of the zero-field time spectrum
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around the prompt time is not appreciable at 0.1 K as seen ir oL DO L B AL ALY
the inset of Fig. 1. For the Lorentzian distribution of the - (a)
static internal field, 100
N s
O i o = 0
p 7T2 (a2+,yi|H|2)2’ © 10 _E
«© =
Kubo® derived the relaxation function as follows: c C x=0
o
= 1
1 2 ) 3
A(t)=Ap| 5+ z(1—at)exp —at)|. 3 « ]
3 3 © ]
o«
If we leave the numerical factdrwhich is fraction of the tail 01 43

component as a free parametpand take into account ran-
dom slow fluctuations with averaged fluctuation ratehen
Eqg. (3) may be rewritten approximately as

A(t)=Ag[g+(1—g)(1—at)exp —at)]exp{ — (At)}°5.
(4)

The solid curve in the inset is far=44 us ! corresponding

to H;,;=0.05T. The internal field is so strong in the Al sub-
stituted compounds that the observation of the prompt drop
of asymmetry is beyond the time resolution.

Using Egs.(1) and(4), an analysis was performed for all
the compounds. The results are shown in Fig. 2. At high £
temperatures, the time spectra show exponential relaxationQ
or B=1, from the full asymmetry in a longitudinal field of 10
mT applied to decouple the static nuclear dipolar fields. The
temperature dependence if measured in a longitudinal
magnetic field of 10 mT is shown in Fig(& for the three

alized asymmetry

compounds. As the temperature is reduced, the exporents 0.0 04 1 10 100
decrease gradually from 1 to 0.5 and the relaxation xate '
increases toward broad maxima at 2.5 and 45 K inxhe Temperature (K)

=0 and 0.1 compounds, respectively. A pronounced thermal
hysterQS|s was c;t())seKrved ;or “?“?0-22 CompgundZ\l_shOV\]/‘s h initial and tail asymmetries of ¥55¢ od Mn4_,Al,), measured in
a maximum at on heating gter rap] cooling of t eIongitudinal field of 10 mT. Markdll and @ show data for the
sample to 3 K, whereas the maXImgm sh!fts to 10K When=0.02 compound taken on heating and cooling, respectively.
the spectra were measured on cooling. Since no long-range,rves are guide to eyes.
order exists, the broad maxima should be due to random
freezing of the Mn moments. The maximu.m temperature wiII40Tg_ This is common in systems with strong frustration
3% i%?%tgtcijc:i ?e.alrnincoclzggﬁsatoof ;r;]%r[?r;\gous resu_’r&we which suppresses the ordering or freezing of spins as ob-
-range ordering aboveserved in SrGyGa,0;0.2% In contrast to this, in thex=0.1
$9 altt_]houghh the |n||t|al asymmlet(rjyfdecrigge; by 10% aboV‘?:ompound, the slowing down occurs in the temperature
91\% en tel sampies are goo@e r(()jmh itude of th rangeT,<T<2T, as in conventional spin glasses.
| e initia aszrr}mvt;_try a 0\;1 g an tF_e amplitude o tl € To verify the static nature of the internal field, we applied
tai dasymhmefmlll elow 4 are ?rhOWn_:n ig. @) as g;)rmr?' substantial longitudinal magnetic fields. Beldyy, the fro-
ized to the full asymmetry. The tail asymmetry pls the ;o o ments give static random internal fields which may be

. . . 23 .
static limit™ The asymmetries for the three compounds deecqpied by intense longitudinal magnetic fields, whereas

crease suddenly below 2.5, 36, and 45 K, respectively. In thﬁboveTg, the Mn moments in th&=0.1 compound fluctu-

heating process of the=0.02 compound, the asymmetry a0 yery rapidly compared with the muon lifetime, givin
jumps up to the full value between 40 and 50 K. It should be; sp)éctrg urilchang%d in longitudinal fields. + Vg

noted that the sudden decreases occur at the same tempera—Figure 3 shows the normalized amplitude of the tail com-
tures as the peaks of the relaxation rate inxke0 and 0.1 ponentg of the time spectra as a function of the applied
compounds whereas the=0.02 compound shows the sud- |,qidinal magnetic field measured at temperatufes
den change in asymmetry at two or three times as high as thQTgllo. The strengths of the average internal fielg were
"Waluated from the external field dependencey bfy the fit
"Q the values calculated by the following equation:

z Hint ’6 HL)
1—H—Larcta m . (5)

FIG. 2. Temperature dependence(af relaxation rate andb)

decreases quite gradually below the temperature indicati
gradual moment freezing.

We note that the slowing down of the Mn spin fluctua-
tions occurs over a wide temperature range inxtk€ com- g=
pound; \ reaches\,, at around 100 K which amounts to

1+ H,
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T T T T These facts indicate that there is a wide distribution of
freezing temperature in the=0.02 compound. Th& cor-
responds to the average freezing temperature while the
anomaly of the asymmetry occurs at the highest freezing
temperature. A part of Mn atoms haVg~ 36 K producing a
large H;, at ™ site and are quite similar to those in tke
=0.1 compound and can be quenched by rapid cooling. On
the other hand, some of Mn atoms with Idly are in the
state which is relevant to=0. The pronounced thermal hys-
teresis observed in the=0.02 compound clearly shows that
these two magnetic states are not continuously connected but
are separated by a potential barrier of the ordekgr.
This is not surprising judging from that the transition from
the nonmagnetic state to the magnetic state in YNénof
first order.
W . ST T S O S Y A T T It is evident from these results that Mn atoms in the
0.0 0.5 1.0 1.5 2.0 =0 and thex=0.1 compounds are of different nature just
Longidudinal field (T) like those in the tetragonal and the cubic YMand their
magnetic properties cannot be extrapolated to the other. It
FIG. 3. Longitudinal field dependence of tail amplitudes in fro- follows thatx=0.02 is the critical concentration of magnetic
zen states of th&=0 andx=0.1 compounds. and nonmagnetic transition.
We have measured the dc magnetic susceptibility with
The solid curves in Fig. 3 are the longitudinal field depen-applied field of 10 mT. The Curie terms obtained abdye
dence calculated foH;;=0.05T and 0.17 T. The internal yield only Mn moments of 1.4% ix=0 and 5.5% inx
field in the Al substituted compound is much stronger, indi-=0.1 assuming 1,3g per Mn. This shows that strong anti-
cating the increase in magnitude and/or in number of magferromagnetic correlation between Mn moments suppresses
netic moments along with the increaseTip. the temperature-dependent magnetic susceptibility even in
The values oH;,; deduced from the field dependence of x=0.1 in contrast with conventional spin glasses. We note
the tail asymmetry may be compared with 0.14 T obtainedhat the ratio of the Curie term for these two concentrations
by computer simulation for dipolar field produced by the are very close to that of the observelg,, 0.05 and 0.17 T
randomly frozen Mn moments of 1u3. This discrepancy which implies that the magnetically active nonsinglet mo-
between the observed and the calculdtgg for the x=0 ments detected in susceptibility are responsible for creating
compound is a natural consequence that the moments atiee internal fields at the muon site.
originated from the soft modes of spin fluctuations. It is hard In the phase close te=0, the magnetic dilution by Al
to tell if the observed internal field is produced by local raisesT, appreciably due to partial release of frustration pro-
magnetic order due to lattice imperfection such as Sc anducing paramagnetic tetrahedra in addition to lattice expan-
muon charge, or by low-frequency component of the spirsion. This fact implies that the majority of Mn tetrahedra in
fluctuations. The internal field 0.17 T for the=0.1 com- Y 4:Sg odVIn, are singlets in the ground state whereas the
pound corresponds to the dipolar field from randomly frozerremaining paramagnetic tetrahedra are frozen randomly at
Mn moments of 1.ag which is comparable to the probable 2.5 K producing the internal magnetic field at thé sites.

1.0 Hm=0.0ST

0.8

0.6

Tail fraction g

0.4 o

0.2

magnitude of the moments in the compound. The Curie-Weiss component of the magnetic susceptibility
may be attributed to the paramagnetic tetrahedra which are
IV. DISCUSSION probably associated with some imperfections of the lattice

such as Sc atoms at Y sites. The extra charge.6fis

Contrary to our expectation from NMR and magnetic sus-another possible imperfection which may produce localized
ceptibility, spin freezing was discovered at 2.5 K in magnetic moment. The moments induced by the extra charge
Y 0.975G 04V, which is one order lower thafiy of the x  would be frozen in the same way at a temperature according
=0.1 compound, 45 K. The internal fields of 0.05 and 0.17 Tto the degree of frustration of the surrounding Mn moments.
were estimated for thge=0 andx=0.1 compounds at low Thus the more imperfections as Sc and Al give the higher
temperatures, respectively. The Al substitution gives rise tdreezing temperature. If this is the case, the ideal corner-
much higher freezing temperatures, sharper transitions, argharing tetrahedral lattice of Mn atoms without imperfection
stronger internal magnetic fields in spite of magnetic dilu-would have an entirely singlet ground state.
tion. In thex=0.02 compound, the freezing process of Mn  Also in the ground state of classical spin systems, spins
spins is unusual. Although the decrease in the initial asymen each tetrahedron correlate with each other so as to vanish
metry is observed at 36 K, the relaxation rate shows the peathe total spin of each tetrahedron as shown by our Monte
temperature at 10 and 20 K depending on the process @arlo simulation for Ising spif® However, the stopped
temperature change. Tail asymmetry measured on coolinguons would feel a finite internal magnetic field from the
decreases gradually below 36 K compared with the othestatic Mn moments even though each tetrahedron forms an-
compounds, while the temperature variation of the tail asymtiferromagnetic spin arrangements. Accordingly, the singlet
metry on heating after rapid cooling is quite similar to thattetrahedra should be formed by coherent spin fluctuations as
for thex=0.1 compound when temperature is increased. expected but their dynamics could not be studied by measur-
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ing the muon relaxation due to the minor paramagnetic teteific heaty value, and lower or vanishing, for more perfect
rahedra. specimens, are common to the tendency found(Bovin,.

No anomaly was found in the nuclear relaxation rates of
455¢ and®Mn in Y g5 0dMIN, at 2.5 K. But the line shape
of NMR is expected to change at the temperature as observed ACKNOWLEDGMENTS
in 8-Mn.2” This has not been studied yet in detail.
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