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An experimental study by a muon diffusion technique reveals that dysprosium in its 
paramagnetic state exhibits a magnetically ordered phase characterized by fluctuations with a 
correlation time - 10-l2 s over the broad temperature range TN < T S  230 K, where TN = 180 
K is the NCel point. The fluctuations have the structure of the antiferromagnetic state of 
dysprosium and are described by the two correlation functions G, ( T) and G ,, ( T). The 
correlation function G, ( T) does not have a singularity as T- TN. This result contradicts the 
interpretation of a second-order phase transition at TN = 180 K in dysprosium. It can be 
interpreted as a weak first-order phase transition according to a renormalization group 
calculation. A new method is proposed for measuring the diffusion of a positive muon in a 
helicoidal antiferromagnet. The diffusion of muons in dysprosium at 100 < T <  175 K is a 
tunneling process. 

I. INTRODUCTION 

Studies by the renormalization group technique lead to 
a fundamental limitation on the number of possible second- 
order phase transitions. This result has stimulated a more 
detailed experimental study of phase transitions which have 
historically been regarded as second-order. In the present 
paper we report the use of a muon technique to study the 
phase transition of dysprosium from the paramagnetic state 
to the antiferromagnetic state, which occurs at the NCel 
point, TN = 180 K. Renormalization group theory predicts 
that this cannot be a second-order transition.' 

The antiferromagnetic phase transition in dysprosium 
has been studied in several  place^.^-^ The temperature de- 
pendence M(  T) of the ordered magnetic moment in the anti- 
ferromagnetic state of dysprosium, measured by a Moss- 
bauer technique, can be approximated well at ( TN - T) ? 1 
K by the expression M(  T) a ( 1 - T/TN )O with the param- 
etervalues2 TN = (180.4 f 0.3) K a n d P =  0.335 f 0.010. 
This temperature dependence is qualitatively consistent 
with a second-order phase transition. Measurements3 of the 
temperature dependence of the dysprosium lattice constants 
with a relative error of lop6 have revealed no structural fea- 
tures of any sort near the temperature TN ; this result is again 
characteristic of a second-order phase transition. The tem- 
perature dependence of the electrical resistance, R ( T), and 
of the heat capacity, C( T ) ,  of dysprosium were studied in 
Refs. 4 and 5 at temperatures T >  TN and T < TN. The ex- 
perimental behavior of R ( T) and C( T) was analyzed in de- 
tail in Ref. 5. It follows from that analysis that at TN = 180 
K dysprosium undergoes a complex phase transition which 
is difficult to describe unambiguously. The observed behav- 
ior R ( T) and C( T) was explained qualitatively on the basis 
of the Kosterlitz-Thouless model in Ref. 5. 

The use of a muon technique to study the properties of 
the antiferromagnetic transition in dysprosium is based on 
measurements of the temperature dependence of the relaxa- 
tion rate, A, of the muon spin. This rate is proportional to the 

correlation time for the fluctuations of the magnetically or- 
dered phase in the paramagnetic state of a metal. In the pres- 
ent study we show that the temperature dependence A (  T) 
reveals only a very slight increase as the temperature is 
lowered, and there is no singularity in the limit T- TN . This 
behavior of A ( T) can be explained in terms of a weak first- 
order phase t ran~it ion.~ 

A second direction in this study was to investigate the 
diffusion of muon through a dysprosium crystal. In the 
method proposed here for determining the time T for a diffu- 
sive hop of muon between neighboring interstitial positions 
in the crystal lattice, we make use of the particular features 
of the helicoidal magnetic structure of the antiferromagnetic 
state of dysprosium. These structural features make it possi- 
ble to measure the dependence r ( T )  over the temperature 
range T = 90-180 K. The results show that muon diffusion 
in dysprosium is a tunneling process. Preliminary results on 
the muon diffusion coefficient in dysprosium were reported 
in Ref. 7. The experiment was carried out in the muon chan- 
nel of the synchrocyclotron at Gatchina. 

2. EXPERIMENTAL PROCEDURE 

The dysprosium sample consisted of six disks 35 mm in 
diameter and 5 mm thick. The disks were originally made of 
a polycrystalline material with an impurity content 
< 0.01% by weight. After the sample was annealed during 
two-sided compression, the dimensions of the crystal grains 
increased to 3-10 mm, and their hexagonal c axes became 
oriented predominantly perpendicular to the plane of the 
base of the disk. The measurements were carried out in two 
orientations of the sample, corresponding to angles a = 0 
and a = r/2 between the muon polarization direction and 
the direction of the predominant orientation of the hexagon- 
al axes c of the crystal grains in the sample. The temperature 
of the sample, held in a special cryostat, was determined with 
germanium pickups with a relative error ST,,, = 0.05. The 
absolute error in the measurements of the sample tempera- 
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FIG. 1. Temperature dependence a( T) of the measured asymmetry coef- 
ficient of the positron distribution resulting from the decay p+ h e +  in 
dysprosium for two orientations of the sample: 0--a = 0; 0-u = r/2. 
The values given here for a have been averaged over intervals AT = 1 K; 
TN 1: 180 K. 

ture was found by calibrating these pickups: 6Tab, = 0.3 K 
at T = 150-200 K. 

In the experiments we measure the time dependence 

N ( t )  =Noe- ' l*~( l+ae -A*)  + B ,  (1)  

which is the time dependence of the number of positrons 
from the decay p+ +e+ which are emitted along the muon 
polarization direction in a zero external magnetic field. Here 
T~ = 2.2. s is the muon lifetime, a is the measured asym- 
metry coefficient of the angular distribution of positrons 
from the decay p+ +ee, A is the relaxation rate of the muon 
spin, and B is the background. Expression ( 1 ) assumes that 
the relaxation of the muon spin in dysprosium occurs in ac- 
cordance with the exponential law P( t )  = e - "' . The experi- 
mental results confirm this functional dependence of P( t ) .  

Figure 1 shows the temperature dependencea ( T) of the 
measured asymmetry coefficient over the temperature range 
T = 100-300 K for two orientations of the sample, corre- 
sponding to the angles a = 0 and a = 7r/2. For clarity, the 
values of a shown in Fig. 1 have been averaged over intervals 
AT = 1 K. The quantities 

shown in this figure are the average values of the coefficient a 
for the paramagnetic ( T >  TN ) and antiferromagnetic 
( T < TN ) states of the dysprosium. The reason for the de- 
crease in a at the transition to the antiferromagnetic state is 
an unobservably fast precession of the muon spin in the 
strong interstitial magnetic fields at T <  TN. The interstitial 
magnetic fields in the antiferromagnetic state of dysprosium 
are H, > lo4 Oe and are directed perpendicular to the hexag- 

onal c axis of the crystal.' The coefficients a ,  and a, therefore 
pertain to the relaxation of longitudinal components (longi- 
tudinal with respect to the field H, ) of the muon spin. The 
corresponding decrease in the observed muon polarization is 

where (cos28) is the mean square cosine of the angle 
between the muon polarization direction and the directions 
of the local fields H, . For the helicoidal magnetic structure 
of dysprosium, the quantity (cos28 ) can be written 

Here (cos2t?) is the mean square cosine of the angle 9, 
between the direction of the c axes of the individual crystal 
grains and the direction of their average orientation, i.e., the 
direction of the normal to the plane of the disk. For a = 7r/2 
and a = 0 we find from expressions ( 3 ) and (4) ,  respective- 
ly, 

From ( 5  ) we find 

which agrees well with the experimental values listed for the 
coefficients a,, a,, and a, in (2) : 

From ( 5 ) we also find the value 

Figure 2 shows the temperature dependence A(T) of 
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FIG. 2. The temperature dependence, A(T), of the relaxation rate of the 
muon spin in dysprosium, 0-a = 0; 0-a = r/2. The values given for A 
have been averaged over intervals AT = 1 K; T, = 180 K. 
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FIG. 3. Temperature dependence, A( T ) ,  at T >  T N .  0-a = 0; 0- 
a = ~ / 2 .  The values of A at T  = 300 K for a = 0 and a = i ~ / 2  are the 
same: A = 1.9 f 0.1 ps9-I. 

the relaxation rate of the muon spin in dysprosium for a = 0 
and a = n-/2 over the temperature range T = 100-300 K, 
again averaged over intervals AT = 1 K. The same A ( T )  
dependence in the paramagnetic state at T = 180-210 K is 
shown in Fig. 3, on a larger scale. 

It can be seen from Figs. 2 and 3 that the relaxation rate 
A increases as T+ TN in the paramagnetic state, and over a 
rather broad temperature interval TN < T 5 230 K we have 

The reason for the increase in A as T-, TN is the decrease in 
the oscillation frequency of the atomic spins of dysprosium 
due to the fluctuations which develop in the magnetically 
ordered phase in the paramagnetic state. Inequality (9)  con- 
firms that the magnetically ordered phase which develops 
from fluctuations at T >  TN has the structure of the antifer- 
romagnetic state of dysprosium, with the local magnetic 
field H, at the muon directed perpendicular to the hexagon- 
al c axis of the single crystal. 

It also follows from Figs. 2 and 3 that the increase in A 
in the paramagnetic state is bounded, and there is no singu- 
larity at the phase-transition temperature. From Fig. 3 we 
see that the maximum values of A ( a  = 0 )  and A ( a  = n-/2) 
found as T -  TN can be estimated to be 

A,, ( T N )  =2,86 ,US-' for a=O, 

A, ( T N )  =2,55 ,US-' for a = n / 2 .  
( 1 0 )  

In ( 1 0 )  we have adopted the streamlined notation 
All r A (a  = 0 )  and A, r A (a  = n-/2), which we will also be 
using below. 

The antiferromagnetic phase transition observed ex- 
perimentally in dysprosium at TN = 180 K occurs over a 
fairly broad temperature interval 6TN z 3  K, in contrast 
with the case in e r b i ~ m . ~  The values of the asymmetry coeffi- 
cients a, and a, corresponding to the magnetically ordered 
state are reached only at T=: 177 K. This feature of the anti- 
ferromagnetic phase transition in this dysprosium sample is 
illustrated by Fig. 4, which shows the experimental depen- 
dences a ( T )  and A ( T )  in the immediate vicinity of 
TN = 180 K. The nonzero width of the antiferromagnetic 
phase transition in dysprosium is attributed to deformation 
of the individual crystal grains which occurs as this block 
sample is cooled. As a result of the deformation, the Ntel 
temperatures of the individual crystal grains change, caus- 
ing expansion of the phase transition observed experimental- 
ly. This explanation is confirmed by the plot of x(  T )  in Fig. 
5-the temperature dependence of the fraction of the sample 
which is in the antiferromagnetic state. The values of x 
shown in Fig. 5 were found by the maximum likelihood 
method from the experimental curves of P ( t ) ,  which were 
described near the temperature TN by (O<x< 1 ) 

P ( t )  =ab ( 1 - x )  exp {-A, (TN) t )  

+a,x exp ( -Ad)  for a = n / 2 ,  
( 1  1 )  

P ( t )  =ao (1-x) exp {-All ( T N )  t )  

+a2x exp ( - -Ad)  for a=O. 

FIG. 4. Circles-The temperature dependence a ( T ) ;  triangles- 
A ( T ) .  T< T N .  Qpen p o i n t s 4  = 0; filled points - a = n / 2 .  
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FIG. 5. The temperature dependence x( T )  of the fraction of 
the dysprosium sample in the antiferromagnetically ordered 
state near the phase-transition temperature T,; 0 - a = 0; 
.-a = d 2 ,  

the coefficients a,, a,, and a, here are fixed, equal to the 
values given in (2); the values of the parameters A, (TN ) 
and All (TN)  are given in (10); and A, = 10 ,us-' is the 
maximum relaxation rate A at T <  TN. Figure 2 shows the 
dependence A( T) at T < TN (see also Fig. 7 below); this 
dependence is the result of diffusion of muons through the 
dysprosium lattice. The diffusion of muons in the magneti- 
cally ordered state of dysprosium is examined in detail in 
Section 4. 

The first and second terms in expressions ( 11 ) for P ( t )  
describe relaxation of the muon spin in respectively the para- 
magnetic (x = 0)  and antiferromagnetic ( x  = 1 ) states of 
the metal. The results shown for x ( T) for the two orienta- 
tions of the sample (a = 0 and a = 77/21 in Fig. 5 are the 
same, providing convincing support for the model which we 
are discussing here for the nonzero width of the antiferro- 
magnetic phase transition of this dysprosium sample. 

cosine of the angle between the hexagonal axes of the indi- 
vidual dysprosium crystals and the muon polarization direc- 
tion. Expression ( 12) is valid when the oscillation frequency 
of the electron spins of the metal atoms which produce the 
magnetic field H, at the muon is substantially higher than 
the frequency at which the muon precesses under the influ- 
ence of this field. 

The first and second terms in expression ( 12) for P ( t )  
describe the relaxation of the longitudinal and transverse 
components, respectively, of the muon spin in an individual 
dysprosium crystal, averaged over all of the crystals in the 
sample. Expressions ( 13) for the correlation functions G , I  
and G, can be written in a more transparent form in the case 
in which the correlations of the fluctuating field depend ex- 
ponentially on the time; e.g., 

Expressions ( 13) for the correlation functions are then writ- 
3. FLUCTUATIONS IN THE PARAMAGNETIC STATE OF ten as 
DYSPROSIUM 

G l l z y z ( H , 2 > ~ z ,  G l ~ y 2 ( H x Z > ~ x .  
Ivanter and Fomichevs have derived a theory which can 

relate the quantity A, which can be measured experimental- 
ly, with parameters characterizing the paramagnetic state of 
a metal. They showed that the time dependence P ( t )  of the 
polarization of muons in a zero external magnetic field is 

P ( t )  =(cos2 X >  exp (-2G,t)+(sin2 X >  exp [- (G,-l-GII) t ]  . 
(12) 

Here 

72 j <Hz ( t f )  Hz ( t )  )at1, G" =y 
- m 

Here ( H  f ) = ( H i  ) and ( H  f ) are the mean square compo- 
nents of the fluctuating field H,, ; and 7, = r, and 7= are the 
lifetimes of the magnetic fields H,, which develop from fluc- 
tuations. 

The correlation functions Gil  and G, can be found by 
measuring the polarization P ( t )  for two orientations of the 
sample, corresponding to two values of the angle X. In the 
present experiments we measured the polarization P ( t )  for 
the two orientations of the sample defined by the angles 
a = 0 and a = ~ / 2 .  The corresponding expressions for P ( t )  
are 

+ ~ ; i  + rn ( 13) P l l ( t )  =y exp(-2G,t)+(l-y)e~p{-(G,~+G,)t), a=O, 

G, -1 5 <H,(t')H,(t) >at1 = r. J (H, ( t ' )H, ( t )  )dl' P,(t) =1/2(1-y) exp (-2G,t) +'I2 ( I f y )  exp {- (GII+G,) t ) ,  
2 -- 2 -_ a=n/2, (16) 

y=(cosz 6)=0.500=t0,021. 
are the correlation functions of the fluctuating magnetic 
field H, at the muon (an octahedral or tetrahedral void); For the exponential functions 
y = e/m,  c is the gyromagnetic ratio for the muon; H, , H, , 
and Hz are the components of H ,  along the coordinate axes P,I ( t )  =exp ( - -AI I~) ,  PL ( t )  =exp (--Ad) (17) 

of an individual single crystal (thez axis runs along the hex- we find the following relations, which are quite accurate 
agonal axis of the crystal); and (cos2x) is the mean square enough for our purposes, from expressions ( 16): 
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renormalization group theory. This result may be evidence 
that a so-called weak first-order phase transition occurs at 
T =  180 K is dysprosium. 

Expressions ( 15) can be used to estimate the scale time 
T for the fluctuations of a magnetically ordered phase in the 
paramagnetic state of dysprosium. From ( 15) and Fig. 6 we 
have 

ZOO 220 7, K ou from which we see that T, is only slightly above the para- 

FIG. 6 .  Temperature dependence of the correlation functions G, ( T )  and 
magnetic value 

GII  ( T )  in the antiferromagnetic state of dysprosium. ~ ~ " ' " ~ h / k T ~ - 1 0 - ' ~  s , 

where k is the Boltzmann constant. The observed high oscil- 
lation frequencies T - I -  10" s-' of the magnetically or- 

A I I = ~ G L Y +  (GII+GL) (I-Y),  
( 18) dered phase which develops from fluctuations at T >  TN de- 

AL=GA (1-y) +'I2 (GII+GL) (1-y). scribe a single magnetic fluctuational process in the 
paramagnetic state of dysprosium. The absence of slower 

Hence fluctuations, with frequencies which cannot be measured ex- 

AII+AL 5 + ~  AII-& perimentally, follows from the constancy of the asymmetry 
GI,-----. 9 

4 3y-1 4 coefficient a, over the entire paramagnetic region of dyspro- 
sium, TN < 300 K (Fig. 1 ). 

A +AL 3-y All-A1 
G,=L +--. (19) The values of the correlation function G II at T <  230 K 

4 3y-1 4 shown in Fig. 6, smaller than the paramagnetic limit, can be 

Figure 6 shows experimental results on G ( t )  and G, ( T) explained in a natural way as consequences of a fluct~ational 
over the temperature interval 180 < T < 230 K. These results d~crease in the mean square field (HS ) which should van- 
were found from ( 19) through the use of the smooth A (  T) ish at octahedral and tetrahedral interstitial positions of a 
curves shown in Fig. 3; these smooth curves are interpola- completely ordered helacoidal state. 
tions of the measured values of A. 

It can be seen from Fig. 6 that over the broad temDera- 4. DIFFUSION OF A MUON IN DYSPROSIUM 
.+ 

ture range T < 230 K the correlation functions G ( T) and Figure 7 shows the temperature dependence of the re- 
G, ( T) differ from their paramagnetic limit (the dashed line laxation rate of the muon spin, A ( T), at T = 100-175 K. 
in this figure), The relaxation of the muon spin in this temperature interval 

is explained on the basis of diffusion of a muon through the 
para- AA+All 

-G, - ----- = 0.95 ps- '  , dysprosium crystal. As mentioned earlier, at T <  TN, be- 
4 

dence G, - ( T  - TN ) - B  which is characteristic of a sec- 
FIG. 7. Experimental temperature dependence A ( T )  of the relaxation 

and-order phase transition. This agrees with the cal- rate of the spin of a diffusing muon in the antiferromagnetic state of dys- 
culations of Ref. 1, carried out on the basis of prosium, along with theoretical function ( 2 6 ) .  O--a = 0; .--a = r / 2 .  

which corresponds to A, = A l l .  It can be seen from Fig. 3 
that this limit is reached at T<300 K. A,  ps-I 
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The correlation function G, increases with decreasing 75 

temperature, as it should if the phase which develops from 
fluctuations has the structure of a magnetically ordered 
state. As T-. TN the correlation function G, increases but 
remains bounded, and it has no singularity at T = TN . That 

10 the G, (T)  dependence does not have a singularity at the 
phase-transition temperature also follows from the boun- 
dednesss of the directly measurable quantities A,, and A, 
(Fig. 3). Furthermore, the maximum values given in ( 10) 
for All (T, ) and A, (T, ) of the paramagnetic state of dys- 
prosium at T = 180 K increase essentially not at all within 5 

- 
- 
- 
- 
- 
- 
- I 
- 

- 
- 
- 
- 

the width 6TN of the experimental phase transition, as was - 
shown by varying these quantities in a comparison of the 
functions P( t )  in ( 1 1 ) with experimental data. Over the 

4!+' 9 
temperature range of the measurements, 180 < T < 230 K, I I I I 1 
the correlation function G, ( T) does not satisfy the depen- I ~ O  120 I ~ O  760 T K 



cause of the high local field H, at the octahedral and tetrahe- 
dral interstitial positions in dysprosium, only the longitudi- 
nal component (along the direction of the field H, ) of the 
muon spin, a,,,, , can be observed experimentally. When a 
diffusion muon hops between two neighboring interstitial 
positions, the longitudinal component of its spin decreases, 
becoming equal to a,,,, cos p,  where p is the angle between 
the directions of the field H in these interstitial positions. We 
show below that the diffusion of a muon along interstitial 
positions in the antiferromagnetically ordered state of dys- 
prosium gives rise to an exponential dependence 
P(t)  = e - *' of the observed polarization with 

where T is the scale time for a diffusive hop by the muon, and 
x 5: 1 is the relative probability for a diffusive hop by the 
muon to an interstitial position in the neighboring atomic 
layer, with atomic spins and thus local magnetic fields H, 
rotated through an angle p. The upper limit T = 175 K of 
the temperature interval in which this diffusion process oc- 
curs was chosen so that the nonzero width of the phase tran- 
sition in the sample would clearly have no effect on the val- 
ues found experimentally for A. 

To derive expression (21 ) we use the notation 

where P, ( t )  is the contribution to the measured polarization 
P ( t )  from muons which at the time t are in an interstitial 
position in which the local magnetic field H, makes an angle 
8, with the direction of the original polarization of the 
muons. The summation is over all interstitial positions. As a 
muon diffuses through the crystal, the rate of change of 
Pi ( t )  is described by 

dPi/dt=W cos rp{[Pi-1 ( t )  +Pi+, ( t )  1/21 -1,$7Pi(t), (23) 

where W = x/r. The first term in (23) describes an increase 
in Pi ( t )  due to the diffusion of muons to interstitial position i 
from the neighboring interstitial positions i - 1 and i + 1; 
the second term describes the decrease in Pi ( t )  due to the 
diffusion of muons away from interstitial position i. From 
relations (22) and (23) we find 

dP/dt=- W P  ( t )  

Alternatively, changing the summation indices, we can write 

Since the local fields H, in the dysprosium single crystal are 
coplanar (perpendicular to the hexagonal axis of the crys- 
tal) and are rotated through an angle q, with respect to each 
other, we can easily see that the following relation holds: 

COS ei+,+cos Oi-i=2 COS ei cos (D . 

Expression (24) can then be written as 

from which we conclude that P ( t )  has an exponential depen- 
dence in expression (21 ) for the relaxation rate A. 

For the case of incoherent diffusion of a muon through a 
crystal, the temperature dependence r ( T )  can be written9 

From expressions (2 1 ) and (25 ) we then find 

The parameters xv and Q are determined by the least- 
squares method in a comparison of the theoretical function 
A,,,, (T) (26) with the experimental values of A shown in 
Fig. 7. It should be kept in mind here that the angle q, de- 
pends strongly on the temperature in dysprosium. Measure- 
ments by means of neutron diffraction show that the angle q, 
increases almost linearly from q, = 26.5" at T = 90 K to 
q, = 43.2" at T = 180 K (Ref. 10). The theoretical function 
A,,,, ( T) found for this function e, ( T) is shown by the solid 
line in Fig. 7. The values of the parameters xv  and Q turn out 
to be 

The values in (27) for the parameters x v ~ v  and Q are typi- 
cal for the diffusion of muons in metals and correspond to a 
tunneling diffu~ion.~ 

The method described above for measuring the function 
T(T) in dysprosium in principle makes it possible to deter- 
mine whether the diffusion of a muon in this metal occurs by 
a sequence of hops to adjacent interstitial positions or is an 
unobservably rapid motion (e.g., a band motion) through 
the crystal between relatively remote local capture centers 
formed by (usually) impurities. In the latter case the relaxa- 
tion rate of the muon spin should be independent of the func- 
tion q,( T), which determines the structure of the magnetic 
ordering of the crystal. Unfortunately, at the level of the 
statistical error of the given experiment we can make only 
the qualitative assertion that an interstitial diffusion of a 
muon in the dysprosium is more probable. As measures of 
how well the theoretical functions A(T) for these two diffu- 
sion processes agree with the experimental results we find 
X2 = 32 for the function q,( T) given above (Fig. 7)  and 
x2 = 37 for the case p = const, with a mean statistical value 
x2 = 18. 

It follows from relation (21) that the only quantity 
which must be measured in order to determine the charac- 
teristic time T for a diffusive hop of a muon in dysprosium is 
the relaxation rate A. The fact that the time r does not de- 
pend on the local magnetic field H, at the muon should be 
regarded as an important advantage of the method described 
above for measuring the diffusion of a muon in dysprosium. 
This is of course a general method, which can also be used to 
measure the correlation time 7 in other, similar magnetically 
ordered structures. 

Diffusion is not the only process which causes the muon 
spin to relax at T <  TN. The alternating magnetic fields 
which result from oscillations of the atomic spins in a mag- 
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netic material, which are not completely ordered at T >  0, 
also produce relaxation of the muon spin. The relaxation 
rate of the muon spin corresponding to oscillations of the 
atomic spins, A,,, , is not large and is less than the paramag- 
netic value A,,, 5 A ( T  = 300 K )  = 2 ps- '. This result has 
been tested experimentally for e r b i ~ m , ~  in which there is no 
diffusive relaxation of the muon spin at T  < TN . 

5. CONCLUSION 

This study of a block-oriented dysprosium sample by a 
muon method has yielded the following results. 

1. Over the broad temperature range TN < T  < 230 K  of 
the paramagnetic state of the metal, we observe the forma- 
tion of a magnetically ordered phase with an antiferromag- 
netic structure. The lifetime of the observed fluctuations is - 10- l 2  s. There are definitely no slower fluctuations. 

2. Fluctuations of the paramagnetic state of dysprosium 
are described by the two correlation functions G, ( T )  and 
G ( T ) .  The function G, ( T )  increases to a limited extent as 
the temperature is lowered, and it does not have a singularity 
in the limit T -  TN , where T ,  = 180 K  is the Niel point. The 
function G ,I ( T )  falls off in the limit T -  TN . This behavior of 
G, ( T )  and G ( T )  is typical of fluctuations whose magnetic 
structure corresponds to the antiferromagnetic state of dys- 
prosium, and it contradicts the interpretation of the phase 
transition at T,  = 180 K  as second-order. This conclusion 
agrees with Ref. 1, where it was shown by a renormalization 
group method that a second-order phase transition could not 
occur at T  = TN in dysprosium, holmium, or terbium. 

3. The nonzero width ST, -- 3 K  observed for the phase 
transition in this study is attributed to the appearance of 
stresses in the individual single crystals of the block dyspro- 
sium sample which we used. The width is therefore of an 
instrumental nature. 

4. A method has been proposed for measuring the diffu- 
sion of muons in the antiferromagnetically ordered state of 
dysprosium. With a sufficiently low statistical error this 
method would make it possible to determine whether the 
diffusion of a muon in this metal is the result of hops between 
interstitial positions or is the consequence of the capture of a 
muon by capture centers. The method proposed here does 
not require determining the local magnetic field at the muon, 
H, . The results show that the diffusion of a muon in dyspro- 
sium is a tunneling process at T  = 100-175 K .  The frequen- 
cy of the diffusive hopping of a muon over this temperature 
interval is T -  ' - 10' s- '. The method proposed here can also 
be used to study the diffusion of muons in other metals hav- 
ing a similar magnetic structure. 
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