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Spin dynamics of the itinerant helimagnet MnSi studied by positive muon spin relaxation
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The local magnetic fields and spin dynamics of the itinerant helimagnet MnSi (7, ~29.5 K) have
been studied experimentally using positive muon spin rotation and relaxation (z"SR) methods. In
the ordered phase (T < T,), zero-field uSR was used to measure the hyperfine fields at the muon
sites as well as the muon spin-lattice relaxation time 7. Two magnetically inequivalent interstitial
u* sites were found with hyperfine coupling constants A4 = —3.94 kOe/up and A{¥=—6.94
kOe/up, respectively. In the paramagnetic phase (T>7,), the muon-nuclear-spin double-
relaxation technique was used to simultaneously but independently determine the spin-lattice relax-
ation time T} of **Mn spins and that of positive muons (T*) over a wide temperature range
(T. < T=<150 K). The temperature dependence of T}" and T*# in both phases shows systematic de-
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viations from the predictions of self-consistent renormalization theory.

I. INTRODUCTION

It is well established by neutron-scattering and
nuclear-magnetic-resonance (NMR) experiments that
manganese monosilicite (MnSi) is a typical itinerant mag-
net that shows a helical magnetic order with a long
period of 180+3 A (0 =0.035 A™') below T.=29.5
K.’? In an external magnetic field, the structure be-
comes progressively more conical, until above H,.=6.2
kOe (at 4.2 K) it becomes ferromagnetic. The uniform
susceptibility above T, is known to show a Curie-Weiss
paramagnetic behavior. Despite such behavior, experi-
ments have shown that various magnetic properties are
better explained in terms of the itinerant electron picture
rather than the usual localized moment picture.

It is very useful for the understanding of itinerant mag-
nets to study the electronic spin fluctuations which dom-
inate all their thermodynamic properties. The spin-
lattice relaxation time (7') of nuclei or interstitial muons
is a good measure of such fluctuations near T,. There
have been several experimental investigations of T'; using
55Mn and Si NMR (Ref. 3) and muon spin-rotation and
-relaxation (uSR) techniques.*~® The uSR study provid-
ed unique information on T in a wide temperature range
including the critical region which was not accessible to
the NMR studies.

In the case of uSR the muon spin polarization is sensi-
tive to both the hyperfine fields of the electrons at the u*
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and the nuclear dipolar fields of manganese nuclear mo-
ments, which in turn are relaxed in a time T} (the spin-
lattice relaxation time of the *Mn nuclei) by their own
electronic hyperfine fields. All hyperfine fields arise from
the same itinerant electrons and therefore fluctuate at the
same rate, if at all. The ‘“direct” ;1+ spin-lattice relaxa-
tion time T¥ is a measure of this fluctuation rate, as is
TM", which manifests itself indirectly in the “motional
averaging” of the u* relaxation caused by the nuclear
moments. In earlier experiments, Hayano et al.* mea-
sured the temperature dependence of T4 above T,
(paramagnetic phase) between 29.7 and 36.2 K by apply-
ing a longitudinal magnetic field (LF) of ~700 G to
decouple the nuclear dipole fields from Mn moments;
they found good agreement with theoretical predictions
based on the self-consistent renormalization (SCR) theory
of spin fluctuations’ within the measured temperature re-
gion. However, in a recent zero-field (ZF) uSR experi-
ment designed to determine TM" in the 107 s~ ! range
through muon-nuclear double relaxation,’ the value of T.
extrapolated from the T dependence of T} using the
SCR theory did not agree with the accepted value of
T.=29.5 K; this discrepancy remains to be understood.
In the ordered phase it is known that 7# shows a devi-
ation from the theoretical prediction around
|T—T.|<10 K,® and that the observed hyperfine cou-
pling constant A, is 17% smaller than that expected
from frequency shift measurements in the paramagnetic
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phase.

Thus, despite experimental and theoretical efforts, we
still lack a satisfactory understanding of the itinerant
magnet. In order to further explore the magnetic proper-
ties of MnSi, we have performed a systematic study of T,
by ZF uSR below T, and by ZF and longitudinal field
(LF) uSR above T,. As will be mentioned below, the
present work benefits from (i) a muon-beam quality
dramatically improved, since most of the previous
work,*> allowing measurements of relaxation times as
long as 1073 s over a wider temperature range than previ-
ously possible, and (ii) precise (£0.02 K) control of the
sample temperature, which is indispensible for measure-
ments close to T,.

II. MUON SPIN RELAXATION FUNCTION

In a time-differential uSR experiment, muons are
stopped one at a time in the sample, where they decay,
emitting positrons preferentially along their final spin po-
larization P, (). Each incoming u" passes through a
thin plastic scintillation counter that generates a fast tim-
ing pulse that starts a time digitizer (“‘clock”). For ZF or
LF uSR experiments, two thick scintillators are placed
parallel (+) and antiparallel (—) to the initial muon spin
polarization P,(0)=Z; a decay positron passing through
either of these detectors stops the ‘“clock,” whereupon
the digitized time interval is binned in the corresponding
time histogram, which has the form

Ni(t)=Nie M1+ A PHMD]+B, , (1)

where 7, is the muon decay lifetime, A4, is the spatial an-
isotropy or “asymmetry” (typically 0.2-0.3) for the cor-
responding et detector, PI(t)=Z-P,(1) is the longitudi-
nal muon spin polarization, and B is a time-independent
background. In cases where the spin polarization relaxes
to zero within the observable time range, P¥(t) can be
determined redundantly by fitting both time spectra in-
dependently to Eq. (1). More often, the information con-
tained in the two spectra must be combined. The back-
grounds B are evaluated from the ¢ <O region of each
spectrum and subtracted from N,(f) to get
N (t)=N,(t)—B,, from which one constructs the
empirical “raw” asymmetry 72 ,(¢):

N (=N (1)

TS o @

which can be converted to the “corrected” asymmetry
_ (+a)R, (1) —(1—a)
T (1+aB)—(1—aB)R, (1)

(1) = A4, PX1), (3)

where a=WN; /Ny is a correction factor coming from
the different efficiencies of the two detectors and
B=A_/A, =1 is a similar factor accounting for their
different intrinsic asymmetries. Note that for a=p=1,
A, (1)=R,(t). The raw asymmetry spectrum 72,(t) de-
rived from the data as described in Eq. (2) is actually
fitted to

(1+aB)A  PHt)+(1—a)
R ()= , 4)
(1+a)+(1—aB) A, PX1)

with a, B, A, and the theoretical variables defining
PH(t) as fitted parameters. [In most cases f3 is so close to
unity that B=1 is assumed in the fits; otherwise f3 is
determined independently from transversely applied mag-
netic field (TF) uSR measurements in the same geometry
and then held fixed.]

A. Ordered phase

In the ordered phase of a randomly oriented multi-
domain sample (assuming that the muons occupy a
unique crystallographic site), the longitudinal muon spin
polarization P#(t) has the form®

—t/TH —t/T
Pt =1le '+1le lcoswt (5)

where T, is the transverse spin relaxation time and
o=y, Hyq (y,=2mX13.55 kHz/Oe is the muon
gyromagnetic ratio) is the muon angular frequency deter-
mined by the local magnetic-field magnitude H,,.. The
transverse relaxation is caused by a combination of tem-
poral fluctuations in the direction of H, . and static spa-
tial inhomogeneities in its magnitude H,, .. Because of
the strong local field due to the itinerant electrons, the
effect of *>Mn nuclear moments (whether static or fluc-
tuating) is insignificant for the } component in which
H,,. is initially parallel to P,(0)=Z. For this component,
then, the relaxation rate 1/T% is a function only of the
fluctuations of H, in time.

There are two familiar limiting cases for T4: In the
first, called the ‘““‘static limit,” 1/7T¥ is simply the rate at
which the direction of H, . fluctuates so as to introduce
new (large) transverse components; on average, % of the
new field components will still be along Z, leaving
1/TH=2%(1/7.) or T} =31, where 7, is the correlation
time of the local field.®° In the second limit, called the
“fast-fluctuation limit,” Hj, is fluctuating very fast, but
has a nonzero mean value (H,,) that represents the
“static” local field detected via the coherent u* preces-
sion signal; the remaining (fluctuating) components have
a magnitude y/¥, and produce a spin-lattice relaxation
rate 1 /T ~wjr,.!

If (as is the case in MnSi—see below) there are two
magnetically inequivalent muon sites with populations p,
and p, (with p, +p,=1), then Eq. (5) becomes

/Ty

"'!/T‘” —
' t+2e ? cosw,t)

PE(1)=p,(le

— (2) (2)
t/T} /T

+p,(te +2e 7 coswyt) (6)

B. Paramagnetic phase

In situations where the time evolution of the muon
spin polarization is best characterized as ‘‘relaxation,” as
opposed to the coherent precession seen in TF or the os-
cillatory polarization seen in magnetically ordered
phases, it is conventional® to describe PE(t) in terms of a
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longitudinal spin-relaxation function
G, ()=( P,(1)-P,0) ) /IPH(O)I2 .

The spin relaxation of muons in the paramagnetic phase
of MnSi can be described approximately’ by the product
of two relaxation functions from two independent
sources, one due to rapidly fluctuating itinerant electrons
and the other due to nuclear dipolar fields:

—tJTH
G,(n=c "TIGKT(r;TMn) (7

where GXT(¢;T}") is the dynamical Kubo-Toyabe relax-
ation function® involving TM" as the correlation time of
the nuclear dipolar field. In this way the so-called
muon-nuclear-spin double-relaxation function’ is cap-
able of determining not only T% but also 7", Since the
muon is evidently self-trapped in MnSi below room tem-
perature as implied in the earlier experiments,>® the
correlation time due to u' motion need not be con-
sidered. In the static limit (TM" — « ), the Kubo-Toyabe
function is written analytically as

eXT(N=GET(t;00)=142(1—AX2)e 472 (8)

where A/y, is the rms value of the Gaussian distribution
of static nuclear dipolar fields: A’/y.=(H})=(H})
=(H?2).

Since the local field Mn moments is small (A/y,~5
Oe) and that from the itinerant electrons is large (see
below), by applying a magnetic field of 100-200 Oe we
can quench the nuclear part of the relaxation [i.e.,
GXT(t; TM")— 1] without significantly affecting the elec-
tronic part [exp(—¢/TM")] and thus obtain an indepen-
dent measurement of T%. [This presupposes that the LF
chosen does not produce an accidental degeneracy be-
tween the 3*Mn nuclear quadrupolar splitting and the p*
Zeeman splitting; such a degeneracy can produce a
“level-crossing resonance” (LCR) in the muon relaxation
rate!’ and confound the experimental results.] In the
present experiment we measured uSR spectra for both
ZF and LF (~ 120 Oe) at every temperature.

Again, the situation may be more complicated in the
case where muons at two different sites see different
hyperfine fields. All *Mn nuclei presumably see the same
TM", and all muon sites presumably see the same nuclear
dipolar fields, so both sites should share the same
GXT(¢;TY™) factor, but will have different values of T*
as in the ordered phase

(1) — (2)
/T /T

G, ()=GKT(t;TM)pe ' +pye ). )

III. EXPERIMENT

This experiment was conducted at the M9 muon chan-
nel of TRIUMF using an electrostatic “Wien filter” (ve-
locity selector) as a muon-positron particle separator. A
100% spin-polarized ‘“‘surface muon” beam (momentum
~28 MeV/c) was stopped in a single-crystal sample of
MnSi inside a helium gas flow cryostat, and the decay
positron time spectra were measured in the range 0-10
us with a conventional uSR experimental apparatus.!?
To achieve precise control of the sample temperature,
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two-stage temperature regulation was introduced: The
temperature of the helium gas diffuser (and thus of the
He gas flowing past the sample container) was regulated
at a temperature just below the desired sample tempera-
ture T, While that of the copper cell containing the
sample was regulated independently at T .,,. Using this
system, the sample temperature was controlled to within
0.02 K near T,.

The data were analyzed by y’-minimization fitting of
the raw asymmetry spectrum [Eq. (2)] to the form of Eq.
(4) using the appropriate time dependence of P/, i.e., Egs.
(7) or (9) for the paramagnetic phase and Eq. (6) for the
ordered phase.

IV. RESULTS
A. Ordered phase

Several typical uSR time spectra for T'< T, are shown
in the range 0<¢ <1 ps in Fig. 1. Two different frequen-
cy components can be clearly identified in these spectra;
this feature was obscured in the earlier experiment,
presumably due to the limited statistical accuracy and
considerable backgrounds. The two frequencies corre-
spond to two magnetically inequivalent sites for muons in
MnSi. This could be explained by the rather complicated
crystal structure of MnSi (B20 cubic symmetry).

The results of the y*-minimization fitting analysis are
shown in Table I. In order to obtain good fits to Eq. (6),
we assumed 1/T"=0(f"")?, where f"=0'" /27 and 0 is
an effective correlation time common to both sites. If the
static limit is applied in the ordered state, one would ex-
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FIG. 1. Corrected muon-decay position asymmetry time
spectra A (1)= A . P¥(t) from muons in MnSi at 10, 25, and 28
K. The solid lines indicate the best fits to a function with two
local field components (see text).
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TABLE 1. Muon spin precession frequency (f'’) and local
field correlation time [6=1/T{"(f'")*] in MnSi below T,. The
corresponding spin-lattice relaxation time T’ is fitted as
/T =0(f") (i=1,2).

Temperature (K)  f'" (MHz) f'* (MH2) 0 (us)

00(2) 12.249(6) 28.07(7) 0.19(1)x 1073
10. 00(2) 11.930(5) 27.30(7) 0.31(1)Xx107?
15.50(2) 11.266(6) 25.83(6) 0.59(4)x107*
20.00(5) 10.447(8) 23.73(4) 0.75(8)x 1073
25.00(5) 8.957(5) 20.40(2) 1.68(3)x 1073
26.00(5) 8.48(1) 19.40(2) 2.20(6)X 1073
27.00(2) 7.85(1) 18.03(5) 2.73(8)X 1073
28.00(2) 7.024(6) 16.10(1) 5.70(9)x 1073
29.00(2) 5.52(3) 12.56(5) 4.61(12)X 1072
29.30(2) 4.73(15) 11.38(78)  4.21(46)X 1072

pect T\"=T=T} and 1/Ty'=1/T} +&w;, where the
dimensionless constant £ (representing the fractional in-
homogeneity of the local field) should be same for both
sites. In fact, this seems not to be the case; instead we
find that 1/T% —1/T{" scales approximately as w? (the
square of y, times the local field strength), as expected in
the fast-fluctuating limit. The same should then be true
of T'", but the data are not sufficiently precise to reveal

two separate longitudinal relaxation rates, hence the
empirical treatment described above.
The local field H,, felt by the muon satisfies
4
Hy(T)=H,,.(T)— T’TMQ( 7, (10)
H((T)= ApeMy(T) , (11)

where Hy; is the hyperfine field, M, is the saturation
magnetization, and A4, is the muon’s hyperfine coupling
constant. Using the known value of M,(0)=0. 39,ub/Mn
and that A, is negatlve and temperature independent,®
we can deduce A} from the observed muon precession
frequencies w; at 6.0 K:

A =—3.94 kOe/up , (12)
and
AP =—6.94 kOe/uy . (13)

Figure 2 shows the local magnetic field at the u* as a
function of temperature, including the data of Ref. 6,
which correspond to the smaller component of H,
(A{Y'=—3.94 kOe/uy). The agreement between the
temperature dependence of Hloc and that of MQ(T) as
determined by neutron scattering'® (dashed curves in Fig.
2) indicates that the relationship H,,. < My(T) is well
satisfied. The ratio of populations p, /p, is 0.77%+0.09, al-
most independent of temperature from 6 to 29 K. The
weighted average of the hyperfine coupling constant is

A =p, ALY +p, 41¥ =—5.63 kOe/pup , (14)

the magnitude of which is 17% larger than that of the
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FIG. 2. Temperature dependence of the local magnetic fields
H,,. felt by muons. Previous data are shown as open squares.
Solid lines: theoretical calculation of the normalized magneti-
zation My(T)/My(0). Dashed lines: My(T)/My(0) deter-
mined from neutron scattering.

0O 5 10

value —4.8 kOe/pp deduced from the Knight shift
versus susceptibility plot in the paramagnetic phase.'*
The curve predicted by SCR theory for the magnetization
My(T) is plotted in Fig. 2 for comparison, showing the
same disagreement between the experimental shape of
H,.(T) and the theoretlcal shape of M,(T) as observed
in the previous experlment

The muon spin-lattice relaxation time T4 is determined
by the dynamical fluctuation of the hyperfine field at the
muon site. Figure 3 shows a plot of 1/T{"=(f")?6 and
1/T¥ =(f'?")%0 versus temperature. Since we assumed
that @ is common to both T{”, the fitted value of 1/T{* is
automatlcally a factor of (f @ )2/(f'V)? larger than that
of 1/T\!. Therefore, we disregard the distinction be-
tween them hereafter.

According to the SCR theory, both spin-lattice relaxa-
tion rates should obey

1/T, =T /[My(T)]*, (15)

below T,.” Figure 4 shows a plot of f?/T\ versus T,
which is expected to be linear if Eq. (15) is satisfied. Here
also we observe a trend of deviation from the SCR
theory: f2/T\" is almost linear in T below 20 K but falls
below this line above 20 K. The best linear fit to the data
below 20 K gives

- =4.031)x107 5 T, (16)
T, m?
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FIG. 3. Spin-lattice relaxation rates 1/7, vs temperature in
the ordered phase of MnSi.

1

=2mxi02-L (17)
T

m?
with T\ and T'¥ in us and T in K, and where
m=My(T)/My(0). The mean value of these two is con-
sistent with the previous experimental result.

The authors of Ref. 6 offer an interpretation of the de-
viation of 1/T, from T/m? in terms of the weak antifer-
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FIG. 4. Plot of f2/T, vs temperature. Solid lines show the
fit to a linear function below 20 K.
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romagnetic behavior of the helically ordered state. They
claim that since the spin fluctuation in a small region
around Q plays an important role near T,, the SCR
theory for the weak antiferromagnetic metals'> might be
more effective in describing 1/7,.'®'" That theory pre-
dicts 1/T = T /My(T), which would explain the general
behavior of the temperature dependence for 20
K=<T=T..

B. Paramagnetic phase

The ZF and LF uSR time spectra at each temperature
were analyzed simultaneously with common values of a,
B, A, ,and T%. This helped to eliminate ambiguities due
to very long T¥ relaxation times at high T and very short
TM" near T,. However, the subtleties of fitting the prod-
uct of two relaxation functions introduced other uncer-
tainties, as will be discussed below.

In a preliminary analysis we found that the back-
ground B for one of the two positron detectors was three
times higher (~3.6%) than that for the other detector.
This means that the signal-to-noise ratio in that
detector’s time histogram becomes equal to unity around

t,=—,In(0.036)~7 us ,

beyond which time the spectrum is dominated by back-
ground. To avoid systematic errors due to this back-
ground for T, (especially TM") larger than z,, we used
only the signal of the lower-background detector for the
final analysis.

Examples of the spectra at typical temperatures are
shown in Fig. 5 with the best-fit curves using Eq. (7). As
can be seen, the time spectra in this phase show drastic
changes as the spin-lattice relaxation times T4 and T)"
change with temperature. The deduced values for T¥,
TIIVI", and the static dipolar width A at each temperature
are shown in Table II.

The same data were compared with Eq. (9) using a ra-
tio p,/p, fixed by the ordered-phase analysis. Close to
T, a better fit is indeed obtained using different values of
T\" and T{*; however, within a few K of 7, this analysis
produced identical values of T{'' and T{*. Moreover,
where T\" and T'? are different, their ratio is not that
predicted by SCR theory. Since the fitted T dependence
of T\" and T'? (where they differ) follows that of T# in
the fits to Eq. (7), and, since we have no explanation for
the observed behavior (see, however, the conjectures
below), we have limited our final analysis to a single T4
[i.e., Eq. (7)—which, as can be seen from Fig. 5, gives a
quite adequate fit to the data in most cases.

The spin-lattice relaxation times T# and TM" are plot-
ted as 1/7T, versus T — T, (assuming T.=29.5 K) in Fig.
6. The T dependence shows a kink around T—7,~10K
for both T# and T}". Assuming that the curve is de-
scribed by 1/T, « 1/(T —T, )P, the exponent 3 is estimat-
ed to be =1.5 for 1=T—T,.=10 K; the T dependences
of T# and T}" seem to scale in this temperature region.
For T—T.=10 K, on the other hand, both T} and TI;A“
show much weaker T dependence (S=0.5).
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It is interesting to note that this weak T dependence
resembles that in the weak antiferromagnetic itinerant
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TABLE II. Static dipolar width A and spin-lattice relaxation
times 7% and T} in paramagnetic MnSi.

: —_T 15
magnets above T, ie., I/T <« T/‘/_T Tq' For  Temperature (K) A (us™)  1/T¢ (us™) /T (us™))
T—T,=0.5 K, fits to the time spectra using a simple ex-
ponential relaxation function give poor x? values, sug- 150.0(1) 0.324(1) 0.0233(6) <0.001
gesting that the fitted values of T/ are less reliable in this 120.0(1) 0.316(1) 0.0272(6) 0.002(5)
region. This might be due to an onset of “critical diver- 101.00(5) 0.313(1) 0.0273(7) <0.001
gence” near I. e 65.00(4) 0.310(1)  0.0356(5) 0.067(5)
,tF}ig(;“'te 7f ShOVIV{S ng a;‘dﬂf} PIO}tlt:g versus t‘,/ T a;‘;‘l‘lg 46.00(4) 0.284(1)  0.0555(6) 0.076(6)
with data from Ref. S. In this graph the prediction of the
SCR theory that 1/T, < T(T—T,) (Ref. 7) corresponds zzggi 0'2;3(:) 0'0733(2) 0.118(7)
to a linear function. The present data do not show a ) 0.277(1) 0.0723(6) 0.197(7)
linear dependence near 7,. The discrepancy of T, 34.002) 0.275(2) 0.0849(8) 0.410(13)
claimed in Ref. 5 can be partly attributed to the arbitrary 33.002) 0.276(2) 0.1060(8) 0.497(13)
choice of the temperature region used for the extrapola- 32.00(2) 0.263(3) 0.182(1) 0.79(2)
tion. At high temperatures T4 shows a considerable de- 31.50(2) 0.254(8) 0.193(3) 1.17(7)
viation from that extrapolated from the vicinity of T, us- 31.00(2) 0.251(18) 0.408(2) 1.44(10)
ing the SCR theory. This is evident from inspection of 30.70(2) 0.536(2)
:.he LF ySltllss%ecl;tra, which exhibit unmistakable relaxa- 30.4002) 0.706(8)
ion even a .
The ratio of T# to TY" is plotted as a function of 30.102) 1.05560)
1.0 - (a) b 1.0 - (c) }
T 29.6 K r 1 3 -
.1 - 4 i i+
¥
0.0 T o 00] 48 K i
1.0 1 - 1.0 L
] i ] I | & 8o
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FIG. 5. Corrected asymmetry time spectra showing muon spin relaxation in the paramagnetic phase of MnSi [G,(1)=G,,(1)].
Zero-field spectra (solid circles) and ~ 122-Oe longitudinal field spectra (open circles) are shown at each temperature.
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FIG. 6. Spin-lattice relaxation rate as a function of T— T in
paramagnetic MnSi. Open circles, 1/TM"; solid circles, 1/T%;
open squares, 1/TY" NMR data from Yasuoka et al. (Ref. 3).

T—T. in Fig. 8. If the T, relaxation is attributed only to
the hyperfine field, the following scaling of T is expect-
ed:

2

T
; (18)

Mn
T

'}/MnA}b#n
Y#Aﬁf
where 7y, =27 X 1.050X10° Oe~!'s™! is the >*Mn

gyromagnetic ratio and AM" and A{; are the hyperfine
fields for *Mn and pu*, respectively. If we use values of
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FIG. 7. Plot of spin-lattice relaxation times vs 1/7. Open
circles, TY"; solid circles, T#; open squares, NMR TM" data
from Yasuoka et al. (Ref. 3). Open triangles, T data from
Matsuzaki et al. (Ref. 5); solid triangles, T4 data from
Matsuzaki et al. (Ref. 5).
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FIG. 8. Ratio of spin-lattice relaxation times T% /T}".

AMP=—(1.3840.01)X10° Oe/up (Ref. 3) and
Af;=—(4.810.2)X10° Oe/uy (Ref. 14) deduced from
Knight shifts in the paramagnetic phase, we obtain the
ratio T#/TM"=5,0+0.3 from Eq. (18). In the lower-
temperature region (7 — T, = 10 K), this scaling factor is
consistent with the present experimental value. It seems,
however, that the ratio drops to 2 or less above this tem-
perature. This suggests that the kink in 1/7; versus
T—T,. might be related to the relative enhancement of
the nuclear dipolar contribution to G,,(¢) in this tempera-
ture range.

The fitted value of the nuclear dipolar width A shows a
wak T dependence as shown in Fig. 9. In the previous
experiment the data were analyzed under the assumption
that A is independent of temperature,” which was
justified because of the limited temperature range. In the
present analysis, however, fitting with a common average
A yielded unacceptably poor y? values, especially at
higher temperatures. This was the case regardless of
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FIG. 9. Nuclear dipolar width A vs temperature.
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whether the data were compared with Eq. (7) or Eq. (9).
Of all the physical parameters of the model, A seems
the least likely to have any actual T dependence. Most
probably this discrepancy is the result of fitting to a phe-
nomenological Gaussian Kubo-Toyabe relaxation func-
tion GXT(z;TY") that is certain to be at least slightly
inaccurate in the static limit. The classic example of u*
relaxation in Cu metal'® (with a far more symmetric
muon site) was found to obey a significantly different stat-
ic G,,(¢t) from that predicted by a simple Gaussian local
field distribution. It would not be surprising, then, if the
nuclear dipolar relaxation in MnSi were even more
different from GXT. Such a discrepancy would matter lit-
tle in the limit of fast fluctuations but would distort the
fitted value of A (and confound the effects of a long T#
with the true shape of the static dipolar relaxation func-
tion) at temperatures well away from 7,. We suspect
that this is the source of several of the mysterious effects
observed (see above), but little can be done to alleviate
this uncertainty until the muon site is determined (e.g., by
LCR uSR experiments'!) and the exact quantum-
mechanical dipolar relaxation function can be calculat-
ed.!® For the time being we must accept the apparent T
dependence of A as an empirical phenomenon.

V. SUMMARY AND CONCLUSION

In the ordered phase of MnSi, we have shown that
there are two magnetically inequivalent sites for the

muon. The temperature dependences of the local mag-
netic field H,,. and the spin-lattice relaxation time T,
have been confirmed with an improved precision com-
pared with the previous result. The T dependence of
1/T, shows a deviation from the SCR prediction
(1/T, ocT/Mé) for 20 K<T =T,, which could be ex-
plained by the weak antiferromagnetic behavior of the
helical structure.

In the paramagnetic phase the temperature depen-
dences of TM" and T are also slightly different from
those predicted by the SCR theory. Each shows a T
dependence steeper than a Curie-Weiss-like behavior in a
region T— T, <10 K, above which both show a weaker T
dependence. We would like to stress, however, that the
SCR theory is still the most successful in describing the
overall features of the spin-lattice relaxation time in this
system. Other theories, such as Hartree-Fock calcula-
tions, could not reproduce the T dependence of T, at
higher temperatures. Further development of the theory
is needed for a more elaborate understanding of spin fluc-
tuations in itinerant magnets.
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