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High-temperature magnetic order and coexisting spin dynamics in PrCu2:
Manifestations of multipolar effects
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Institute for Particle Physics of ETH Zu¨rich (IPP), 5232 Villigen PSI, Switzerland

Y. Ōnuki
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We present a comprehensive muon-spin-rotation/relaxation~mSR! study of the high-temperature magnetic
order (TN.65 K) in PrCu2, first observed quite unexpectedly in 1998@A. Schencket al., Phys. Rev. B58,
5205 ~1998!#. Measurements in zero and longitudinal fields as a function of temperature, orientation of the
single-crystal sample, and strength of applied magnetic fieldHext confirmed the previous findings and allowed
us to determine the properties of the internal spontaneous fieldsB in detail. It is found thatB is strictly confined
to the crystallographic (a,c) plane and encloses on average an angleu of 30°245° with thea axis, depending
on temperature. BothuBu andu display a large variation. This is consistent with, but does not unambiguously
prove, the incommensurately modulated antiferromagnetic structure observed below;50 mK by neutron
scattering@S. Kawarazaki and J. Arthur, J. Phys. Soc. Jpn.57, 1077~1988!#. The estimated ordered electronic
moment of;0.29mB is smaller than the value quoted by Kawarazakiet al. (0.54mB). The temperature
dependence ofuBu is highly unusual and scales perfectly with the temperature dependence of the elastic
constantC66 @R. Settaiet al., J. Phys. Soc. Jpn67, 636 ~1998!#, implying that the ordered moment is propor-
tional to the strain susceptibility involving theOxy quadrupole moment.m1 is also found to be exposed to
fluctuating field components inducing spin-lattice relaxation. The relaxation ratel consists of a field-
independent but rather anisotropic term and an essentially isotropic but field-dependent term. The first term
reflects the Jahn-Teller transition at 7.5 K by a cusplike anomaly. Transverse-field measurements at 6 kOe and
above 100 K allowed us to determine the anisotropic Knight shift, or the dipolar coupling tensor, from which
it follows that m1 are located at 4e sites. At lower temperatures, we find evidence that the contact-hyperfine
coupling constant becomes temperature and orientation dependent.

DOI: 10.1103/PhysRevB.68.104422 PACS number~s!: 75.25.1z, 76.75.1i, 76.60.Es, 76.60.Jx
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I. INTRODUCTION

Since 1972 it has been known that the orthorhom
singlet-ground-state compound PrCu2 develops below 50
mK a cooperative nuclear-electronic antiferromagne
order.1 This conclusion was drawn from magnetic suscep
bility and specific-heat measurements. The latter also in
cated that below 1 K any ordered moment cannot be larg
than 4.5% of the full Pr31 moment (3.38mB). Fifteen years
went by before this ultralow temperature order was c
firmed directly in a neutron-scattering experiment.2 Polariza-
tion and intensity analysis showed that below 50 mK
nuclear and electronic moments are sinusoidally modula
in magnitude with a propagation vectork5(0.24,0,068) and
that the moments are aligned nearly parallel to the crysta
graphica axis. The total saturated moment was determin
to be 0.31mB and the electronic part of it to 0.54mB . The
intensity of the diffraction peaks vanished at 50 mK and
hint of a persisting magnetic order above that tempera
was evident. Hence it was a real surprise when 10 years
zero-field mSR measurements3 revealed a persisting mag
netic order up by more thanthree orders of magnitudeabove
the previous transition temperature, which appeared to
consistent with the incommensurate order of Ref. 2. Cr
cism was raised that this might be a muon-induced effect,
we will argue that this cannot be the case. In this work,
0163-1829/2003/68~10!/104422~18!/$20.00 68 1044
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will present comprehensivemSR measurements in zero, lon
gitudinal, and transverse field~ZF, LF, TF!, which confirm
our earlier results and allow us to characterize the magn
order in much detail. Also the identification of them1 site in
PrCu2 is reported.

Historically the interest in PrCu2 derives from another
observation, namely the occurrence of a cooperative Ja
Teller distortion atTJT.7.5 K, first identified in 1974~Ref.
4! and following years,5,6 and believed to be driven by qua
drupolar ordering. More recently~1995!, the detection of a
metamagnetic transition in PrCu2 ~Ref. 7! has started a flurry
of further investigations involving magnetization, magne
striction, magnetoresistance, and de Haas–van Alp
measurements.8 The metamagnetic transition was seen up
at least 50 K, above which temperature the required fi
must have exceeded the available maximum of;380 kOe or
it started to be absent.9 Also the cooperative Jahn-Teller tran
sition was studied in more detail via thermal expansion,10,11

specific heat, elastic constants, and magnetization meas
ments as a function of an external fieldHext .

10 The latter
studies allowed us to derive the highly anisotropic pha
diagram of the Jahn-Teller transition. Of particular interes
the strong temperature dependence of the elastic con
C66 which, as we will see, appears to govern also the beh
ior of the spontaneous internal field revealed by themSR
measurements below;65 K. Both the metamagnetic an
©2003 The American Physical Society22-1
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A. SCHENCK, F. N. GYGAX, AND Y. ŌNUKI PHYSICAL REVIEW B 68, 104422 ~2003!
the Jahn-Teller transition features could be quantitatively
plained on the basis of the crystalline-electric-field~CEF!
Hamiltonian, acting on the3H4 ground-state multiplet of
Pr31,9,12 and quadrupole-quadrupole interaction terms, i
KJT^Oxy&Oxy , responsible for the ferroquadrupolar order b
low TJT , and KM^O2

2&O2
2, which switches its sign from

negative to positive across the metamagnetic transition
result of a rotation of the quadrupole momentO2

2.8,11

So far no connection has been made between the m
netic order below 50–60 mK and the higher-temperat
quadrupolar-interaction-driven phenomena. The present
sults, on the other hand, suggest that the high-tempera
magnetic order is intimately connected to quadrupolar
fects. Since our observations show that the high-tempera
magnetic order extends unchanged down to 20 mK, the q
tion arises as to what is really happening below 50–60 m
We suggest that the phase transition seen at 50–60 mK
cerns only the Pr nuclear-spin system, and that the persis
electronic order may have escaped detection~see also the
discussion in Ref. 1!.

The paper is organized as follows. In Sec. II, we w
present experimental details. Section III deals with the
and LF measurements. A large portion is devoted to
analysis of the ZF signals and their orientation depende
making full use of the availability of spectra in the forwar
backward, up/ down, and right directions with respect to
m1 beam momentum. The possibility to use different init
m1 spin polarizations ranging from being parallel to t
beam momentum to being turned by;45° towards the ver-
tical direction is also exploited. This analysis will allow us
extract the direction of the spontaneous internal fields r
tive to the crystal frame. The information is complement
by data obtained in LF. This procedure has never before b
applied to this extent and the outcome is another demon
tion of the power ofmSR in studying magnetic structure
even in complicated cases. Section IV is devoted to
transverse-field measurements, allowing the identification
the location of the implantedm1. In Sec. V, we compare
calculated field distributions, using the incommensur
magnetic structure of Ref. 2, with the experimental findin
and arrive at excellent fits. We further discuss the obser
spin-lattice relaxation results and the temperature dep
dence of the spontaneous average internal fields and arri
the conclusion that the magnetic order is probably indu
by quadrupolar effects. The paper concludes with a summ
in Sec. VI.

II. EXPERIMENTAL DETAILS

The mSR measurements were performed at the Sw
Muon Source of PSI using various spectrometers: the gen
purpose instrument~GPS! and the low-temperature instru
ment~LTF! on thepM3 beam line, the Dolly instrument o
the pE3 andpE1 beam lines (pM3, pE1 andpE3 pro-
vide surfacem1 with essentially 100% spin polarization an
4 MeV kinetic energy!, and the general purpose spectrome
~GPD! on the decay beam linemE1.

The LTF allows us to apply temperatures betwe
;20 mK and a few Kelvin, while the other instruments a
10442
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low us to apply temperatures between 1.8 K and room te
perature. External fields up to 6 kOe can be applied para
to the incomingm1 in the GPS and Dolly spectrometers an
up to 5 kOe perpendicular to the incomingm1 in the GPD.
The latter instrument was used in the TF measurements t
able to apply the external field parallel to thea axis which
was not possible in the other instruments. Since thepM3
beam line is equipped with a spin rotator, them1 polariza-
tion Pm(0) can be rotated up to;50°, from nearly parallel
to the beam axis towards the vertical~up! direction. Since the
spin rotator is also used as a positron separator, the initialm1

polarization is never strictly parallel to the beam axis but
rotated away by a minimum angle of;12°. ThepE1 and
pE3 beam lines were at the time of the measurements
equipped with a spin rotator~but a positron separator!, and
here the initialm1 polarization was practically parallel to th
beam axis. Both GPS and Dolly allow one to monitor t
decay positrons from the implantedm1 in five positron de-
tectors placed in forward (F)/ backward (B), up (U)/ down
(D), and right~R! directions with respect to them1 beam
momentum, as shown in the schematic arrangement in

FIG. 1. Schematic view of the relative sample andPm(0) orien-
tations used in the ZF measurements. Panels~e!, ~f! refer also to the
orientations in the LF case. The indicated values ofa were deter-
mined by weak TF measurements withHextiz axis. Panel h sketche
the arrangement of the five positron detectors.
2-2
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HIGH-TEMPERATURE MAGNETIC ORDER AND . . . PHYSICAL REVIEW B68, 104422 ~2003!
1~h!. Both instruments, by means of cleverly arranged v
detectors, allow us to measure essentially free of a ba
ground signal arising fromm1 failing to stop in the sample
The LTF is equipped with forward/backward, left and rig
positron detectors. We only used the first two detectors
the GPD, we made use of forward/backward, up/ down
tectors and the cryostat was in this case a closed cycle
frigerator, inserted horizontally into the spectrome
(minimum temperature510 K).

Several single crystals of PrCu2 were at our disposal, al
grown at Osaka University as described in Ref. 8. The pu
of the starting material amounted to 99.99% for Pr, w
impurity contents of Ce~2 ppm!, Ni ~4 ppm!, and Fe~20
ppm!, to 99.999% for Cu, with no traceable amounts of ma
netic impurities. Most measurements were performed wit
cylindrical sample with 6 mm diameter and 25 mm leng
The cylinder axis coincided with the crystallographica axis.
This sample was used in GPS, Dolly, and GPD. In the G
and Dolly, the sample could be rotated around thea axis
oriented perpendicular to the beam, or to the applied fi
Hext in the horizontal plane. Hence the initialm1 polariza-
tion at the time of implantationPm(0) or Hext could be
turned in the (b,c) plane. This sample was also used in t
GPD whereHext was coinciding with thea axis. The sample
was too large to fit into the dilution refrigerator of the LT
and here we used an assembly of three small flat single c
talline plates of rectangular shape with the short side po
ing along thec axis, the long side along thea axis, and theb
axis perpendicular to the plate plane and parallel to the

FIG. 2. The time evolution of them1 polarizationP(t) in the
forward/backward direction at 5 K for ~a! Pmib axis and ~b!
Pm(0)ic axis. The solid lines are fits of Eq.~2! to the data.
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comingm1. This sample was also used in the GPS with t
a axis along the vertical direction such thatPm(0) fell into
the (a,b) plane. For more information on the used spectro
eters, refer to~Ref. 29!.

As usual in amSR experiment the evolution of them1

polarizationP(t) is monitored via the time-dependent dec
asymmetry of the implantedm1 by observing the positrons
from the m1 decay in a certain directionr as a function of
elapsedm1 lifetime. The positron rate can then be writte
as13

dNe1~ t !

dt
5

1

4ptm
N0e2t/tm

„12AP~ t !•r…dV r , ~1!

whereA is the effective decay asymmetry~0.2–0.3!, tm the
mean muon lifetime (2.2ms), uru51, anddV r a solid angle
element in the direction ofr. In the following, we will often
call AP(t)[AP(t)•r asymmetry or signal amplitude.

III. ZF AND LF MEASUREMENTS

A. Overview

In ZF the temperature dependence ofP(t) was measured
for the sample orientations displayed in Fig. 1. For the m
surements in the LTF~down to 20 mK! the orientation cor-
responded to Fig. 1~a!. Angular scans in ZF were performe
by rotating the sample around thea axis, @i.e., Pm(0) rotated
in the (b,c) plane# at 2 K, 5 K, 20 K, 23 K, and 50 K. LF
measurements were performed at 2 K, 5 K, 7 K, 8 K, 10
15 K, 20 K, 30 K, 40 K, 50 K, 60 K, 70 K, and 80 K for

FIG. 3. Same as Fig. 2 but measured at 20 K.
2-3
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A. SCHENCK, F. N. GYGAX, AND Y. ŌNUKI PHYSICAL REVIEW B 68, 104422 ~2003!
HextiPm(0)ic axis and at 2 K, 5 K, 7 K, 8 K, 10 K, 15 K, 20
K, 30 K, 50 K, and 80 K forHextiPm(0)ib axis, respectively.
The field scans, depending on temperature, extended up
kOe. We performed also temperature scans in LF~ranging up
to 4 kOe! for b axis iHext andc axis iHext .

B. ZF results

Figures 2–4 show some typicalAP(t) obtained at 5 K, 14
K, and 20 K. Figure 2 and 3 demonstrate that the sign
depend very much on the orientation, and Fig. 4 shows th
also matters in which direction the signal is observed. G
erally P(t) is well fitted by the expression

P~ t !5AvexpS 2
1

2
s2t2D cosvt1Alexp~2lt !, ~2!

with Av1Al51, whereAl approaches zero whenPm(0)ib
axis. Clearly, a precession signal is observed which imp
that a nonzero spontaneous magnetic field is present in
sample. It is also recognized immediately that the inter
fields must possess a wide distribution in view of the f
damping of the precession component, which appears t
well represented by a Gaussian decay function.

The orientation dependence ofAv andAl is measured in
detail by angular scans. Figures 5~a! and 5~b! show the re-
sults obtained at 2 K and 23 K. In the first case,Pm(0) was
parallel to the beam axis, i.e., the projection ofPm(0) in the
up and down directions should be zero. Nevertheless, a
nal is seen also in the up and down detectors~Fig. 6!. In the
second case,Pm(0) was rotated away from the beam axis
12° so that at time zero, a nonzero net component in the

FIG. 4. Time evolution ofPm(t) in ~a! the forward and~b! the
up detector at 14 K for the arrangement shown in Fig. 1~g!.
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and down directions existed. A comparison of the two figu
shows that temperature has a pronounced effect on the
isotropy ofAl andAv . At 2 K the averageAv is larger and
the averageAl smaller, and the modulation of both is sig
nificantly smaller than at 20 K. Note that at a givenT the
modulation is the same forAl and Av independent of
whether the signal is observed in the forward/backward
up/down directions. It should also be mentioned that no s
nal was seen in the right direction. We will see in the follow

FIG. 5. Orientation dependence of the amplitudesAv
F/B ,Al

F/B in
forward/backward direction and ofAv

U/D ,Al
U/D in up/down direc-

tion, respectively, at~a! 2 K and ~b! 23 K. Pm(0) rotates in the
(b,c) plane. The solid lines are fits of Eqs.~12! and~13! to the data
yielding generallyf50°63° and u533°62.3° at 2 K and u
543.7°62.2° at 23 K.

FIG. 6. Time evolution ofm1 polarization @arrangement Fig.
1~e!# in forward/backward and~inset! up/down direction at 30 K.
2-4
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HIGH-TEMPERATURE MAGNETIC ORDER AND . . . PHYSICAL REVIEW B68, 104422 ~2003!
ing section that the observed angular dependencies wil
low us to determine the direction of the spontaneous fielB
with respect to the crystal axes.

The second nonoscillating but exponentially relaxi
component in Eq.~2! must reflect the projection ofPm(0)
onto the internal fieldB which will only become time depen
dent when fluctuating field components perpendicular toB
are present and are able to induce spin-lattice relaxation

The temperature dependence of the fitted precession
quency is displayed in Fig. 7. The temperature dependen
perfectly fitted by the expression

n~T!5n0F12expS 2E

kT D G S 12
T

Tcr
D b

, ~3!

with E55.1560.05 K, b50.3860.04, andTcr56462 K.
The discussion of this result is deferred to Sec. V C. T
temperature dependence ofs is displayed in Fig. 8. We note
that s depends on the sample orientation. Between 2 K and
65 K, the data are well fitted by the equation

s5s~0!
1

Tb
1s0 , ~4!

FIG. 7. Temperature dependence of the spontaneous frequ
v/2p. The solid line is a fit of Eq.~3! to the data.

FIG. 8. Temperature dependence of the Gaussian relaxation
s. The inset shows a log-log plot of (s2s0) versus temperature
for 2,T,70 K. The straight lines have a slope of21. Note the
slight anisotropy ofs ~see text!.
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with b51.0160.03 ands(0)58965 ms21 for both orien-
tations, whereas the constants0 is orientation dependent
i.e., zero forPm(0)ic axis and 0.9160.16ms21 for Pm(0)ib
axis. The inset in Fig. 8 shows a log-log plot of (s2s0)
versus temperature and demonstrates nicely theT21 depen-
dence. This will be discussed further in Sec. V C. To a c
tain extent,s(T) looks similar ton(T) but Eq.~3! does not
allow a proper fit ofs(T). One important difference is tha
n(T) vanishes at 65 K, but nots(T). In fact, between 80 K
and 130 K Eq.~2! has to be replaced by the expression

P~ t !5AlexpF2S 1

2
s2t21lt D G , ~5!

and s seems to be finally arising from the random fie
spread due to the Cu and Pr nuclear moments. We will
discuss this further.

The temperature dependence of the spin-lattice relaxa
ratel for Pm(0)ic axis is shown in Fig. 9. Since forPm(0)ib
axis in ZF the second term in Eq.~2! is absent, we canno
determinel for this orientation. However, the angular sca
show thatl in ZF must be essentially isotropic. Anisotrop
will appear when a longitudinal field is applied~see below!.
Interestingly the ZFl, displayed in Fig. 9, shows relativel
little temperature dependence below 60 K but a cusp
anomaly at;60 K and sharp exponential decrease abo
that temperature~see inset in Fig. 9!. For details, refer to
Secs. III E and V B.

C. Discussion of the anisotropy ofP„t…

The dependence ofP(t) on the orientation of the initial
m1 polarizationPm(0) with respect to the crystal frame i
naturally to be expected when the angle between the inte
field B andPm(0) or the aperture of the precession cone a
its axis, respectively, change. The time evolution of them1

polarization can most generally be expressed as14

P~ t !5@Pm~0!•b#b1$Pm~0!2@Pm~0!•b#b%cosvt

1@Pm~0!3b#sinvt, ~6!

whereb5B/B andv5gmB @gm5(2p)13.55 kHz/G#.

cy

ate

FIG. 9. Temperature dependence of the spin-lattice relaxa
rate l in ZF. The inset showsl above 60 K, the solid line repre
sents an exponential fit.
2-5
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The third term will be absent in an antiferromagnet sin
to eachB there will be a2B and we will have as manym1

precessing clockwise and counter clockwise.
Along the direction of observationr, the amplitudes of

the nonoscillating and the oscillating terms will be given

Al5@Pm~0!•b#~b•r! ~7!

and

Av5Pm~0!•r2Al . ~8!

We introduce a laboratory framex,y,z as shown in Fig. 10,
and a crystal frame (a,b,c) such that thea axis is parallel to
the z axis around which the crystal can be rotated. Us
polar coordinates,B can be expressed in the crystal frame

B5B@sinu~cosf b̂1sinf ĉ!1cosu ĉ#, ~9!

where â,b̂, and ĉ are unit vectors along the crystal ax
a,b,c. In the laboratory frame,

B5B$sinu@cos~f1w!x̂1sin~f1w!ŷ#1cosu ẑ%,
~10!

where w is the angle between thec axis and thex axis,
(5beam axis), which will change when the crystal is rota
around thea axis or thez axis, respectively.x̂,ŷ,ẑ are unit
vectors along thex,y, and z axis. The initial polarization
Pm(0), restricted in the experiment to the vertical (x,y)
plane, will be given by

P~0!5Pm~0!~cosa x̂1sina ŷ! ~11!

and r in forward/backward, up/down, and right direction b

rF/B5@71,0,0#, rU/D5@0,61,0#, and rR5@0,0,21#.

FIG. 10. This figure shows the used (x,y,z)-coordinate system
and the crystal frame, wherey is oriented in the vertical direction
andx along the horizontalm1 beam axis. The crystallinea axis of
the PrCu2 sample coincides with thez axis around which the sampl
can be rotated, changing the anglew. The crystalline (b,c) plane
coincides with the (x,y) plane. The initialm1 polarizationPm(0) is
located in the (x,y) plane and encloses an angle ofa with the x
axis. Also indicated is some internal fieldB whose direction is
defined via the anglesu andf, e.g.,Bc5B sinu cosf, etc.
10442
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For those directions of observation the amplitudes@Eqs.~7!
and ~8!# assume the expressions

Al
F/B~w!57A

1

2
sin2u$cosa1cos@2~f1w!2a#%,

~12a!

Al
U/D~w!56A

1

2
sin2u$sina1sin@2~f1w!2a#%,

~12b!

Al
R~w!52A

1

2
sin~2u!cos~f1w2a! ~12c!

and

Av
F/B~w!57A cosa2Al

F/B~w!, ~13a!

Av
U/D~w!56A sina2Al

U/D~w!, ~13b!

Av
R~w!52Al

R~w!. ~13c!

The value ofa, i.e., the direction ofPm(0), and of thedecay
asymmetryA can be determined by calibration measu
ments in weak fields applied parallel to thez axis, i.e., per-
pendicular toPm(0). Hence fitting Eqs.~12! and ~13!, to
experimental data the only free parameters are the anglu
andf. In particular, the relative ratio of thew-dependent and
w-independent terms in Eqs.~12! and ~13! are fixed by the
anglea. For the various arrangements, the calibrateda are
also indicated in Fig. 1. All angular scans, independent of
used temperature, are excellently fitted by Eqs.~12! and~13!,
as demonstrated by the solid lines in Fig. 5. The correspo
ing fit parameters are reported in the figure caption. Gen
ally we find f50, while u becomes temperature depende
and varies between;30° and;45° ~see Fig. 11 and discus
sion below!. For other temperatures, sin2u or u, respectively,
was extracted from the amplitudes of the oscillating com
nent,Av /A}sin2u. We mention that similar data obtained
CeRhIn5 could not be fitted by Eqs.~12! and ~13!. In this
case a conical arrangement of the internal fields had to
admitted and correspondingly modified Eqs.~12! and ~13!
then fitted the data perfectly.14 The choice ofa has a decisive

FIG. 11. Temperature dependence of angleu, i.e., the angle
betweenB and thea axis.
2-6
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HIGH-TEMPERATURE MAGNETIC ORDER AND . . . PHYSICAL REVIEW B68, 104422 ~2003!
effect on the observable signal. For example, ifa545° and
w545° @Fig. 1~d!#, we find uAl

F/Bu5Asin2u5uAl
U/Du and

uAv
F/Bu5A(cos45°2sin2u)5uAv

F/Bu, i.e., the oscillating and
nonoscillating components are the same in forwa
backward and up/down directions.

This is indeed observed in the GPS. If on the other ha
a50, as in the Dolly instrument, andw50° @Fig. 1~f!#, we
have uAl

F/Bu5A sin2u, Al
U/D50 and uAv

F/Bu5A(12sin2u),
Av

U/D50, i.e., no signal is seen in the up/down directions
a50 and w545°, we find uAl

F/Bu5 1
2 A sin2u,uAl

U/Du
51

2Asin2u and uAv
F/Bu52A(12 1

2 sin2u),uAv
U/Du51

2Asin2u.
This situation, which leads toAv

U/D52Al
U/D , is realized in-

deed for the signals in Fig. 6. For another configurat
where thec axis coincides now with thez axis and thea axis
points along the verticaly axis @Fig. 1~g!# ~this changesf to
90° andw50° is now the angle between thex axis and the
b axis!, we find for a545°, Al

F/B50, uAl
U/Du

5A sin 45°(sin2u) and uAv
F/Bu5A cos 45°,uAv

U/Du
5A sin 45°(12sin2u), i.e., in the forward/backward direc
tion only the oscillating term is expected to be seen, while
the up/down direction both terms should be superimpos
The data in Fig. 4 show precisely this behavior. Equatio
~12c! and~13c! predict that a sizable signal with a periodi
ity of 360° should be well visible in the right direction a
long asuÞ0° or 90°. No such signal is, in fact, detectab
This caused some serious concern, but we will later see
it is a natural consequence of a distribution ofu values,
owing to the modulated structure of the magnetic order
the sin 2u factor. Note that for the other orientations the sinu
factor appears quadratically. Hence the fittedu values have
to be viewed as averages over their absolute values.

We are now in a position to provide a first description
the internal field distribution. The anglef50° implies that
the projection ofB onto the (b,c) plane is parallel to thec
axis and henceB must be confined to the (a,c) plane. The
average deviation from thea axis ~the z axis in our geom-
etry! is temperature dependent and changes as shown in
11. Sinceu is extracted from sin2u, u may be positive as wel
as negative. The absence of any detectable signal in the
direction indicates strongly thatu may indeed vary betwee
positive and negative values so that the average of sin 2u can
become quite small or even zero. Further evidence for a
tribution of u values is provided by measurements in a lo
gitudinal field.

D. Measurements in longitudinal fields

Information on the direction of internal fields can also
obtained by applying an external fieldHext and monitoring
the m1 Larmor precession around the new total fieldB
1Hext .

15 This works only in systems which do not posses
multidomain structure such thatB appears randomly ori
ented. It also requires use of single crystals. Both conditi
are fulfilled for the present system. The fieldHext was ap-
plied either parallel to thec axis (w50) or parallel to theb
axis (w590°) with Pm(0) parallel toHext ~in Dolly!. Re-
placing in Eqs.~7! and ~8! B by B1Hext , we calculate for
these orientation
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Al
F/B~w50°!5A

~B sinu6Hext!
2

B21Hext
2 6HextB sinu

, ~14a!

Av
F/B~w50°!5A2Al

F/B~w50°!, ~14b!

Al
F/B~w590°!5A

Hext
2

B21Hext
2

, ~15a!

Av
F/B~w590°!5A2Al

F/B~w590°!, ~15b!

and the total field at them1 will be

Btot~w50°!AB21Hext
2 62HextB sinu, ~16!

Btot~w590°!5AB21Hext
2 . ~17!

The 6 sign appears in Eqs.~14a! and ~16! because of the
overall antiferromagnetic moment arrangement leading

FIG. 12. mSR signals in backward direction at 20 K for variou
longitudinal fields. The solid lines represent fits of Eq.~2! to the
data.
2-7
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A. SCHENCK, F. N. GYGAX, AND Y. ŌNUKI PHYSICAL REVIEW B 68, 104422 ~2003!
fields 1B and2B in the (a,c) plane. ForHext in the (a,c)
plane, this implies resulting fieldsHext6B. For Hext perpen-
dicular to the (a,c) plane, the sign ofB does not matter and
Btot is simply given by Eq.~17!. Hence in the former cas
we expect a splitting of the oscillating component.

Figure 12 shows a sequence of signalsAP(t) in backward
direction for b axis iHext at 20 K with Hext ranging from
zero to 500 Oe. All signals are fitted well~solid lines! by Eq.
~2!. As examples the field dependence ofAv and of the pre-
cession frequencyv/2p are displayed in Figs. 13~a! and
13~b! for T55 K, respectively.Av(Hext) and v(Hext)/2p
for Hextib axis are reasonably well fitted by Eqs.~15b! and
~17!. The solid lines shown in Fig. 13~a!, however, stem from
calculations discussed in Sec. V A. Note thatAl

F/B50 for
Hext50 and increases with increasingHext by the same pro-
portion thatAv

F/B decreases in accordance with Eqs.~15a!
and ~15b!.

Very similar results are obtained forHextic axis except
thatAl

F/B is different from zero already atHext50. Equation
~2! allows still excellent fits and there is no indication for
splitting as predicted above. The field dependence ofAv and
v/2p is displayed in Fig. 13~b!. In particular,Av(Hext) is
not following Eq. ~14b! averaged over the1 and 2 sign
versions. Note thatAv50 for B cosu2Hext50. This out-
come is another indication thatB shows a more complex
distribution. As we will see in Sec. V A,Av

F/B(Hext) and
v(Hext)/2p can be well reproduced on the basis of the co
sidered magnetic structure@solid lines in Fig. 13~b!#.

FIG. 13. Field dependence of the amplitudeAv and the preces-
sion frequencyv/2p at 5 K for ~a! Hextib axis and~b! Hextic axis.
The solid lines are calculated as discussed in Sec. V A.
10442
-

E. Temperature and field dependence ofl

The LF scans at various temperatures allow also to de
mine the corresponding dependencies of the spin-lattice
laxation ratel. Figures 14~a! and 15~b! provide an overall
view of l(T,Hext) for Hextic axis andHextib axis, respec-
tively. Figure 15~a! compares the anisotropy ofl for Hext
5100 Oe and 2 kOe. Generallyl decreases with increasin
Hext but the anisotropy becomes more pronounced.
smallerHext the anisotropy is limited to the range 15–60 K
but for Hext.400 Oe,l is anisotropic from at least 2 K up
to at least 130 K@see Fig. 15~b!#. While the temperature
dependence ofl for Hext<400 Oe looks complex, a 1/T
dependence is seen forHext52 kOe. The solid lines in Fig.
15~b! are fits of the expression

l5
l0

T
1const ~18!

to the data. For both orientations const50.095(1)ms21 and
l0(Hextib)/l0(Hextic)54.0(4). Wenotice a weak anoma
lous feature at 7.5 K, i.e., atTJT . This becomes much mor
pronounced in a field ofHext54 kOe. @see inset in Fig.
15~b!#. This anomaly is absent forHext<400 Oe.

The field dependence ofl at all temperatures and for bot
orientations follows the expression

l~Hext!5l0

1

11~tv!2
1lcon , ~19!

FIG. 14. Temperature dependence ofl at various longitudinal
fields for ~a! Hextic axis and~b! Hextib axis.
2-8
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HIGH-TEMPERATURE MAGNETIC ORDER AND . . . PHYSICAL REVIEW B68, 104422 ~2003!
with v5gmHext . For Hextic axis the data and the fits ar
displayed in Fig. 16. These results will be discussed furt
in Sec. V B.

IV. TRANSVERSE-FIELD MEASUREMENTS

A. Experimental results

These measurements were primarily conducted with
aim to determine them1 site in PrCu2 from them1 Knight

FIG. 15. ~a! Comparison ofl(T) in LF at 100 Oe and 2 kOe fo
the two orientationHextic axis andHextib axis. ~b! Temperature
dependence ofl in LF at 2 kOe forHextib axis andHextic axis.
The solid lines represent fits of Eq.~18! to the data. Note the
anomaly nearTJT57.5 K which is much more pronounced at 4 kO
~inset!.

FIG. 16. Longitudinal-field dependence ofl at various tempera-
tures forHextic axis. The solid lines are fits of Eq.~19! to the data.
10442
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shift in the usual way.16 The muon precession frequency w
measured forHextib axis,Hextic axis (Hext56 kOe) and for
Hextia axis (Hext54 kOe) in the temperature range 2(10
2300(320) K. Figure 17 displays Fourier transforms of t
precession signal taken forHextic axis andHextib axis at 12
K. In the latter case, a single relatively narrow line is o
served, while in the former case two rather broad and clos
spaced lines seem to be present. The precession sign
indeed best fitted forT,60 K by a two-component function

Pc~ t !5A1e2~1/2!s1
2t2cosv1t1A2e2(1/2)s2

2t2cosv2t
~20!

and it is found thatA25A1 ands25s1. Above 60 K the two
components merge into a single line. The temperature de
dence ofv1 /2p and v2 /2p is displayed in Fig. 18~a!. In
accord with the Fourier transform forHextib axis, the pre-
cession signal is perfectly fitted by a one-component fu
tion

Pb~ t !5Ae2~1/2!s3
2t2cosv3t. ~21!

The temperature dependence ofv3/2p is displayed in Fig.
18~b!. The differencev12v2 scales well with the frequency
vZF of the spontaneous ZF signal below 60 K and in fa
seems to be equal tovZF @see inset in Fig. 18~a!#. Since for
the orientationHextic axis Hext and the internal fieldsB are
coplanar, we expect, as in the LF case, that the total field
assume two values according to Eq.~16!. We will later see in
Sec. V A that in contrast to the LF signals, a split TF sign
in a strongHext (Hext.B) is indeed predicted. A split signa
is also expected for the orientationHextia axis, but since the
quality of the spectra in the GPD were much poorer we
not attempt to perform two-component fits. For the oth
orientation (Hextib) Hext is perpendicular toB and no split-
ting will occur, hence a single line is observed. As can
seen v3 /2p is shifted to values below the frequenc

FIG. 17. Fourier transform of the TF signal at 12 K (Hext

56 kOe) for ~a! Hextic axis and~b! Hextib axis.
2-9
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A. SCHENCK, F. N. GYGAX, AND Y. ŌNUKI PHYSICAL REVIEW B 68, 104422 ~2003!
vext /2p, arising in the presence of onlyHext , for T
.40 K, signaling a negative Knight shift, and it changes
values abovevext /2p for T,40 K, signaling now a posi-
tive Knight shift. The Gaussian relaxation rates for all thr
orientations are presented in Fig. 19 together with the z
field s for Pmib axis. We note rather different behaviors.
particular,s in TF for Hextib axis is clearly much smalle
than in ZF. This is in part understandable given thatBtot

5AHext
2 1B2 @Eq. ~17!# and hence the variance inB,DB,

translates as follows into the variance ofBtot ,DBtot :

FIG. 18. ~a! Temperature dependence of the precession frequ
cies v1/2p and v2/2p (Hext56 kOe). The inset shows (v1

2v2)/2p versus the spontaneous frequency in ZF.~b! Temperature
dependence ofv3/2p. The frequencynext5(gm/2p)Hext is indi-
cated by the horizontal dashed line.

FIG. 19. Temperature dependence of the Gaussian relaxa
ratess in ZF and TF~6 kOe! for various orientations.
10442
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DBtot5
DBB

AB21Hext
2

→
Hext@B

DB

H/B
. ~22!

For Hextia axis s is much larger than for the other tw
orientations. This is, however, a consequence of not hav
performed a two-component fit.

The Knight shift is extracted from the~average! shift of
the precession frequencies by correcting for the demagn
zation and Lorentz fields and using for the bulk susceptibi
data from Ref. 9. The demagnetization factors were e
mated according to Ref. 17. In Fig. 20, we plot the Knig
shifts, labeledKa ,Kb ,Kc for the three orientations ofHext
versus the bulk susceptibilityxbulk . Conventionally, the
Knight shift is expected to scale withxbulk and the data in
Fig. 20 should fall on straight lines. As is evident this
absolutely not the case. In particular, the behavior ofKb with
a change of sign at;40 K calls for a more sophisticate
explanation.

B. Determination of the µ¿ site

We recall that the Knight shift consists of two contrib
tions: the contact-hyperfine term and a dipolar field ter
The dipolar field originates from the moments induced by
external fieldHext , and the contact term arises from the sp
polarization of the conduction electrons at them1 site. The
spin polarization is dominantly caused via the Ruderm
Kittel-Kasuya-Yosida~RKKY ! mechanism by the moment
induced in the 4f shell of Pr31. As usual we may write16

Ka5~A01Aaa
dip!xa1Ka

0 , ~23a!

Kb5~A01Abb
dip!xb1Kb

0 , ~23b!

Kc5~A01Acc
dip!xc1Kc

0 , ~23c!

n-

on

FIG. 20. Clogston-Jaccarino plot of the Knight shift forHext

oriented along thea,b, andc axis versus the bulk susceptibility.Kb

is shifted up by 0.2% to allow its display on a log scale. The ho
zontal line corresponds toKb50.
2-10
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HIGH-TEMPERATURE MAGNETIC ORDER AND . . . PHYSICAL REVIEW B68, 104422 ~2003!
where A0 is the contact-coupling constant assumed to
isotropic and temperature independent,Aii

dip are the diagona
elements of the dipolar coupling tensorAJdip with (Aii

dip

50, andx i are the components of a local susceptibility te
sor xJ loc which characterizes the magnetic response of the
atoms in the neighborhood ofm1. The absence of scaling i
Fig. 20 indicates thatxJ loc is different fromxJbulk . This will
in part be am1-induced effect18 ~see below!. The coupling
tensor depends on them1 location in the considered lattic
and vice versa the determination ofAJdip allows us to identify
the m1 site usually unambiguously.

The absence of scaling appears to render it impossibl
extractAii

dip from Ki(T). Fortunately we find that above 10
K, Ka and Kc show a perfect Curie-Weiss temperature d
pendence,

Ki5
AiC

T2TC,i
1Ki

0 ~ i 5a,c!, ~24!

whereKi
0 are temperature-independent contributions. Co

sponding fits are displayed in Fig. 21. Although the loss
scaling can be attributed to am1-induced modification of the
magnetic response of the nearest Pr neighbors, the ionic
of Pr, i.e., Pr31, cannot be changed. Hence the factorC can
be identified with the Curie-Weiss constantC5@N•J(J
11)/3kB#gJ

2mB
2(51.6 K emu/mol for Pr31) and Ai5A0

1Aii
dip . The fitted parametersAi ,Ki

0 , andTC,i are collected
in Table I. In other words, the modified susceptibility abo
100 K follows a Curie-Weiss behavior, like the bulk susce
tibility, but with very different Curie-Weiss temperatures~see

TABLE I. Collection of fit parameters@Eq. ~24!#.

Hextia Hextic Hextib

Ai(kG/mB) 2.318~3! 0.433~3! 21.122 fixed
Kii

0 ~ppm! 2836(24) 188~32! 2515(20)
Tc ~K! 96.4 ~5! 71.8 ~1.3! 2138 (8)
Tc,bulk ~K! 22.7 232.7 2102 (1)
Aii

dip (kG/mB) 1.609 0.222 21.831
A0 (kG/mB) 0.709 0.709 0.709

aSee text.

FIG. 21. Temperature dependence ofKa andKc above 100 K.
The solid lines represent Curie-Weiss fits@Eq. ~24!#.
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Table I!. Similar observations have been made before
U14Au51 ~Ref. 18! and Ce7Ni3.19

ConcerningKb , the temperature dependence above 10
is too weak to allow a precise determination ofAb in the
same way as forKa and Kc . This presents a problem be
cause the determination of the four coupling consta
A0 ,Aaa

dip ,Abb
dip , and Acc

dip requires knowledge of all three
Ai( i 5a,b,c). Therefore we followed a different approac
From the fact that the precession signal shows no splitt
independent of orientation, follows thatAJdip possesses only
diagonal elements. Calculations show that, except for the
sites @see Fig. 22#, all other likely interstial sites, e.g., th
4d,4c,4b sites ~Wyckoff notation! involve AJdip with non-
zero off-diagonal elements. Also, from an analysis of t
spontaneous fields in the ordered state of GdCu2 it was al-
ready known thatm1 must reside at a site of the 4e type,

e.g., at the position (12
1
4 z) with z50.613.20 This is near the

center of the triangles formed by three Pr atoms, see Fig.
Assuming that this site is also occupied by them1 in PrCu2,
we comparedAa2Ac5Aaa

dip2Acc
dip51.385(6) kG/mB with

calculations21 changing only thez value around the cente
position of the triangle.22

In Fig. 23, we plot the calculatedAaa
dip2Acc

dip versusz and
include the measured value as a horizontal line~and error
bars!. From the intersection of the two lines, it follows th
z50.640660.0004. For this site we calculateAaa

dip

51.609 kG/mB , Abb
dip521.831 kG/mB , and Acc

dip

50.222 kG/mB (AiÞ j
dip 50), which enables us now to dete

mine also A05Aa2Aaa
dip50.709(3) kG/mB and Ab5A0

1Abb
dip521.122 kG/mB . By fixing the latter value in Eq.

~24! and fitting it toKb(T) for T.100 K alsoTc,b andKbb
0

are determined~see Table I!. The inset in Fig. 23 pictures th
Pr triangle and them1 position within. We see that them1 is
nearly equally spaced from the three Pr positions.

We briefly comment on the loss of scaling ofKi with
xbulk . While above 100 K the change of the Curie-Wei
temperature can be explained as a muon-induced modi
tion of the crystalline-electric-field splitting of the3H4
ground-state multiplet and possibly also of the exchan
coupling of the three nearest Pr neighbors, the change of
of Kb at ;40 K cannot arise from the local susceptibilit

FIG. 22. Crystal structure of orthorhombic~space groupImma,
No 74! PrCu2 with the m1 site indicated.
2-11
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A. SCHENCK, F. N. GYGAX, AND Y. ŌNUKI PHYSICAL REVIEW B 68, 104422 ~2003!
RatherAb5A01Abb
dip must exhibit the sign change. Sinc

Abb
dip is a temperature-independent parameter as long a

site change occurs, we have to conclude thatA0 becomes
temperature dependent below;100 K and, perhaps, also an
isotropic. In any case this indicates that part of the tempe
ture dependence ofKa ,Kb ,Kc below 100 K is connected to
A0. SinceAbb

dip,0, A0 has to become larger with decreasi
temperature. As to the possible mechanism leading to a t
perature dependence ofA0 in the presence of quadrupola
degrees of freedom, we refer the reader to Ref. 23. Evide
for a temperature dependentA0 has also been demonstrate
in mSR studies of U0.965Th0.035B6 ~Ref. 24! and HoB2C2.25

V. DISCUSSION

A. Magnetic structure

As demonstrated above the ZF and LF measurem
have revealed that the unexpected internal fieldsB below
;60 K are confined to the (a,c) plane and must show, on a
average, a preferred direction close to the@110# and@11̄0#
axes, respectively, the precise direction changing with te
perature. The absolute value ofB must also show a wide
distribution, the width of which being of the same magnitu
as the average. Can we understand this on the basis of s
assumed magnetic structure?

FIG. 23. Plot of calculatedAaa
dip2Acc

dip versus thez coordinate of

the e site at (12 , 1
4 ,z). The horizontal line represents the measur

value leading toz50.6406. The inset displays the position ofm1

inside a Pr triangle.
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Before we enter to deal with this question, and in anti
pation of critical reactions, we consider the possibility th
what we observe is somehow all muon induced. In our vi
the main objection against this possibility is the wide b
nonisotropic scatter in the directions ofB in the (a,c) plane
~see below!. Sincem1 resides at a unique crystallograph
site one would expect that am1-induced effect is the sam
everywhere in the lattice. In addition both the appearance
a cutoff temperature in the temperature dependence of
zero-field precession frequency and the slowing down of
spin dynamics on approaching this temperature from ab
~albeit in a noncritical fashion! seem impossible to be ex
plained as am1-induced effect.

Returning to the question of the possible magnetic str
ture below 50 K, we start with the assumption that the mo
lated structure found below 60 mK may persist to high te
peratures. Hence we assume that the ordered mome
positionRi is given by

m~Ri !5m0•cos~2pk•Ri1w! ~25!

and m05(cos% â1sin% ĉ)m0, where â and ĉ are unit vec-
tors along thea and c axes. According to Ref. 2,k
5(0.24,0,0.68),%.6.5°, and m050.54mB for T→0 K.
Since we have no detailed knowledge on the local magn
structure within a Pr triangle and do not know the relati
phases of the modulation within some generic triangle,
take that Eq.~25! is also describing the modulation of th
moments within a triangle and set the overall phasew50.

The calculation of the dipolar field distribution over th
m1 sites follows the procedures described in Ref. 16. A
cordingly the field at a particularm1 site Rm can be ex-
pressed as

Bdip~Rm!5Cdip•cos~2pk•Rm!2Sdip•sin 2p~k•Rm!
~26!

with

FIG. 24. Plot of calculatedR @Eq. ~32!# versus the contact-
coupling constantA0 for various angles%. The indicated dashed
horizontal lines represent the measured values at 5 K and 20 K
2-12
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HIGH-TEMPERATURE MAGNETIC ORDER AND . . . PHYSICAL REVIEW B68, 104422 ~2003!
Cdip5(
i

S 3~m0•r i !r i

r i
5

2
m0

r i
3 D cos~2pk•r i !, ~27a!

Sdip5(
i

S 3~m0•r i !r i

r i
5

2
m0

r i
3 D sin~2pk•r i !, ~27b!

where Ri denote the positions of the Pr ions andr i5Ri
2Rm . The lattice sums are the same for all equivalentm1

positions. In PrCu2, we find two magnetically inequivalen

positions with the generic positions (1
2 , 1

4 ,0.6406) and

(0,1
4 ,0.8594). For both positionsC is the same andS differs

only by its sign. The lattice sums were extended over cu
of at least 10a310b310c.22 Because of the incommensu
ratek the argument 2pk•Rm may be replaced in Eq.~26! by
the continuous variabled(0<d,2p) with eachd appearing
with the same weight. The resulting spectral distribution
uBdipu is identical for the two sites. In addition, we assum
the presence of a contact-hyperfine fieldBc(Rm) induced by
only the three Pr neighbors next tom1,

Bc~Rm!5A0(
i 51

3

m~Rm1r i !5A0@Cc•cos~2pk•Rm!

1Scsin~2pk•Rm!#, ~28!

with

Cc5m0(
i 51

3

cos~2pk•r i !, ~29a!

Sc5m0(
i 51

3

sin~2pk•r i !. ~29b!

The total field atm1 is then given by (2pk•Rm5d)

B~d!5Bdip~d!1Bc~d!5~Cdip1Cc!cosd1~Sdip1Sc!sind

5Ccosd1Ssind. ~30!

FIG. 25. Comparison of calculated and measuredP(t) at 5 K
for Pm(0)ic axis ~solid and dashed lines! andPm(0)ib axis ~dotted
and dot-dashed lines!. The experimentalP(t) is represented by the
fitted Eq.~2!.
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A0 is the contact-coupling constant, assumed to be isotro
The angleu(d) betweenB(d) and thea axis, entering into
Eqs.~9!, ~10!, ~12!, and~13!, follows from the relation~see
Fig. 10!

sin„u~d!…5
B~d!• ĉ

uB~d!u
, ~31!

where, as before,ĉ is a unit vector along thec axis. In the
experiment, we will see an average over alld values (0<d
,2p) and the sin2u factor in Eqs.~12a!, ~12b!, and ~13a!,
~13b! has to be replaced by

sin2u→ 1

2pE0

2pS B~d!• ĉ

uB~d!u D
2

dd[R, ~32!

and the sin 2u factor in Eqs.~12c! and~13c! by a correspond-
ing average.

The calculations show thatR is the parameter that mos
sensitively depends on the assumed magnetic structure,
on the angle% and also on the contact-coupling constantA0.
In Fig. 24, we plot calculatedR versusA0 for different %.
Also indicated in this figure are the experimental values oR
measured at 5 K and 20 K. We recognize thatR50.5 can
only be reproduced ifA0,0 and%.30°. R.0.33 ~the 5-K
value! can be reproduced for all%, but againA0 will have to
be ,0.4 kG/mB or negative. This appears to contradict o
earlier conclusion in Sec. IV that below 40 K,A0.uAbb

dipu
51.83 kG/mB . It seems thatA0 connected to field-induced
moments behaves differently as compared withA0 connected
to the ordered moments in zero applied fields~ZF!. We have
no explanation for this behavior, but point out that the fie
shifts in the TF measurements at lowT are much larger than
the spontaneous fields seen in ZF. It is also interesting to n
that the spontaneous fields, or the relevant ordered mom
are not affected by the applied fields@see inset in Fig. 18~a!#.
The calculations also show that*0

2psin@2u(d)#dd50 for all
A0 in accordance with the absence of any signal in the ri
detector.

In a next step we assume that at lowT, %56.5° according
to Ref. 2. Then~see Fig. 24! at 5 K, A0521.81 kG/mB .
Assuming that this value is the same at 20 K, we find%
534°. The time evolution of them1 polarizationP(t) in
forward/backward direction can be calculated as follows. F
Pm(0)ib axis

P~ t !F/B5
1

2pE0

2p

cos@2pgmB~d!t#dd ~33!

and forPm(0)ic axis,a50,

P~ t !F/B5
1

2pE0

2p

$cos2@u~d!#cos@2pgmB~d!t#

1sin2@u~d!#e2lt%dd. ~34!
2-13
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l has to be taken from the experimental results. In Fig.
we compare calculatedP(t) with experimentalP(t) at 5 K
(l53.2 ms21). It is evident that the calculatedP(t) ~the
ordered moment is set tom050.175mB , see below! are
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,much less damped than the experimentalP(t). This can also
be seen from a calculation of the second moment of
spectral distribution ofuBu. The latter can be analytically
expressed as~not normalized!
P~B!5
2B

A@2B22~C21S2!#•A@A~C22S2!214~S•C!21S21C222B2#

. ~35!
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The second moment calculated for the 5-K case isM252
3103 G2, which corresponds to a damping rates
53.8 ms21. The experimental values at 5 K are 19.2ms21

@Pm(0)ib axis# and 25ms21 @Pm(0)ic axis#. Apparently the
field inhomogeneity is further enhanced by some differ
mechanism. Hence we multiply in Eqs.~33! and ~34! the
oscillating term with a Gaussian decay function, e
(21

2s
2t2). Adjusting s and m0 and keepingA0 fixed to

21.81 kG/mB and% to 6.5°, we arrive at a perfect fit of th
5-K data @see Fig. 26~a!# with m050.175mB ,
s@Pm(0)ib axis# 5 15.7ms21 and s@Pm(0)ic axis#
523 ms21. The 20-K data are reproduced equally well wi
m050.058mB , %534°, s@Pmib axis# 57.0 ms21,
s@Pmic axis# 57.15ms21, and A0 kept at 21.81 kG/mB
@Fig. 26~b!#. For completeness, Fig. 27 displaysu(d) and
B(d) pertaining to the 5-K case. Repeating the above pro
dure for the lowest temperature~0.02 K!, we obtain m0
50.29mB (%56.5°, A0521.81 kG/mB). The LF data are
also excellently reproduced on the basis of the derived va
just quoted.

The LF signals are only observed in the forwar
backward directions. Defining@see Eqs.~14!–~17!#

Btot,b~d!5AHext
2 1B~d!2, ~36!

Btot,c~d!5AHext
2 1B~d!212HextBc~d!, ~37!

Av~d!b512
Hext

2

Btot,b~d!2
, ~38!

Av~d!c512
@Hext1Bc~d!#2

Btot,c~d!2
, ~39!

Bc~d!c5B~d!sin@u~d!#, ~40!

the average precession amplitudes and frequencies are
as follows. ForHextib axis,

^Av&b5
A

2pE0

2p

Av~d!bdd, ~41!

^n&b5
~gm /2p!A

^Av&b
E

0

2p

Av~d!bBtot,b~d!dd ~42!

and, forHextic axis,
t

e-

es

/

ven

^Av&c5
A

2pE0

2p

Av~d!cdd, ~43!

^n&c5
~gm /2p!A

^Av&c
E

0

2p

Av~d!cBtot,c~d!dd. ~44!

As an example, the solid lines in Fig. 13 are calculated
cording to the above expressions using form0 ,%,A0 the val-
ues estimated above for the 5-K case. However, in orde
obtain good agreement with the data~in particular forn) we
had to take into account the enhancement ofHext due to the
Knight shift, demagnetization, and Lorentz fields in rou
agreement with the TF results. Concerning the TF sign
they can be reproduced equally well, in particular the sp
ting can be traced back to the fact thatHext (56 kOe) @B
in contrast to the LF measurements in smallerHext .

We return to the question of the origin of the enhanc
field inhomogeneity in ZF relative to what is be expect
from the incommensurate structure. One possible expla
tion is that it arises from the hyperfine-enhanced Pr nucle
dipole fields. The bare Pr nuclei will produce a Gauss
shaped field distribution at them1 sites26 which leads to
anisotropic damping constants of s0
50.387ms21 (0.355ms21) for Pm(0)ib axis and s0
50.346ms21 (0.298ms21) for Pm(0)ic axis in the Van
Vleck or quadrupolar limit~radial electric-field gradients
assumed26!, respectively. Comparing these values with t
estimateds we arrive, at 5 K, at enhancement factorsh
5s/s0 ranging from 66 forPm(0)ic axis to 40 forPm(0)ib
axis ~in the Van Vleck limit!. These values are about a fact
of 2 larger than estimates presented in Refs. 1 and 4. S
the enhancement factor is proportional to the susceptib
of the Pr ions, it is reasonable thats shows a 1/T depen-
dence at higher temperatures@see inset in Fig. 8 and Eq.~4!#.
The increased value ofh may be due to a modification of th
CEF splitting of the three Pr ions next to them1 site. An-
other reason for the enhanced field inhomogeneity may a
from a highly distorted magnetic structure involving sho
correlation length. This may also explain the absence
magnetic Bragg peaks in neutron scattering above 50
mK.

Summarizing the discussion we can state that the
served internal field distribution is not inconsistent with t
incommensurate structure derived from the neutron wo
However, the amplitude of the modulation at the lowestT is
2-14
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HIGH-TEMPERATURE MAGNETIC ORDER AND . . . PHYSICAL REVIEW B68, 104422 ~2003!
of the order of 0.29mB , i.e., smaller by almost a factor of
compared with the quoted value in Ref. 2. In addition, t
contact-coupling constant associated with the ordered
ments is different from what is expected on the basis of
Knight-shift results. Independently of the magnetic struct
adopted in our analysis, our data imply that the average
entation of the ordered moments rotates from being ne
parallel to thea axis at lowT towards the@101# direction in
the (a,c) plane at 20 K. We can also state that the obser
magnetic structure does not seem to be affected by the
plication of an external field up to 6 kOe.

B. Spin dynamics

Another puzzling aspect of themSR results is the coex
istence of static order and strong dynamically fluctuat
field components. The latter phenomenon is characterize
a seemingly complex temperature dependence@see Fig. 14#.
The field dependence ofl was shown in Sec. III E to follow
Eq. ~19!. The first term of this equation is of the form of th
Redfield formula27

lRe5
1

T1
5~gmB̃'!2

tc

11v2tc
2

, ~45!

FIG. 26. Comparison of calculated and measuredP(t) at ~a! 5 K
and~b! 20 K. In contrast to Fig. 25, the calculated oscillating co
ponents in Eqs.~33! and~34! are damped by an additional Gaussi
decay factor. Note the perfect agreement between data~bold dashed
lines! and calculations~thin solid lines! ~see text!.
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whereB̃' is the ~average! amplitude of the fluctuating field
component perpendicular to the total static field atm1. In the
Redfield formula,v is them1 Zeeman frequency which in
volves the total static field atm1 @see Eqs.~36! and ~37!#.
However, it proved impossible to obtain satisfying fits ifv
5gmBtot is used in Eq.~45!, instead the fits indicate thatv
5gmHext . On the other hand, we may assume thatvtc!1
and ascribe the field dependence to the correlation timetc .
However, this would lead to unphysically large values f
B̃' . In order to understand this puzzling situation, it is he
ful to recall that quite generally 1/T1 is given by the Fourier
transform of the local field correlation function evaluated
them1 Zeeman frequency.27 Equation~45! is obtained when
one assumes that the correlation function follows a sim
exponential decay. However, the correlation function may
more complicated, e.g., showing also an oscillating time
pendence in addition to the exponential behavior. By pro
modeling of the correlation function, it is in principle pos
sible to arrive, at least approximately, at Eq.~45! with v
.gmHext . Hence, without trying to be more explicit, we wi
continue to view the fittedtc and B̃' as the relevant corre
lation times and fluctuating field amplitudes, respectively
proper fit of l(Hext) required also a second field
independent termlcon @see Eq.~19!#. The fit results for
tc ,(gmB̃')2 andlcon at various temperatures are display
in Fig. 28. The correlation timetc increases from;1028 s
at 2 K to amaximum of;331027 s at 50 K followed by a
decrease forT.50 K. Curiously the details in the tempera
ture region around the maximum depend on the orienta

FIG. 27. Plot of~a! uBu and~b! u versusd5k•Rm pertaining to
the 5-K case (%56.3°, A0521.81 kG/mB ,m050.175mB).
2-15
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A. SCHENCK, F. N. GYGAX, AND Y. ŌNUKI PHYSICAL REVIEW B 68, 104422 ~2003!
of Hext . Below 20 K and above 80 K,tc appears to be
isotropic. (gmB̃')2 shows a fast decline with temperatu
and becomes temperature independent forT>30 K. No sig-
nificant anisotropy is seen~the data forHextib axis are not
shown for clarity!. At 2 K, B̃'.135 G and at 30 K,B'

.31 G. The corresponding static fields are 456 G and 70
respectively.

The constant termlcon , on the other hand, shows a pr
nounced anisotropy and an overall temperature depend
like the 2-kOe data in Fig. 15~b!, i.e.,lcon}1/T. The anisot-
ropy implies that the fluctuating fields are confined to t
(a,c) plane. If within the (a,c) plane the fluctuat-
ing fields are randomly oriented, one would expe
lcon(Hextib)/lcon(Hextic)5(B̃')2/0.5(B̃')252. At 2.2 K
we find lcon(Hextib)/lcon(Hextic)>3.67, indicating that
B̃' is not randomly oriented. Labeling the relevant corre
tion time tc,2 , we now have the conditionvtc,2!1, and
lcon}tc,2}1/T. Hence the fluctuation raten51/tc,2 appears

FIG. 28. Temperature dependence of~a! tc , ~b! (gmB̃')2, and
~c! lcon . The solid lines in~c! represent fits of Eq.~18!.
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to be of the Korringa type. It is reasonable to consider
fluctuation raten to be the relaxation rate of a part of the P
4 f spin, confined, as its static part, to the (a,c) plane and
driven by some Korringa-type mechanism. We propose t
the related relaxation ofm1 involves fluctuating electronic
dipole fields, while the fluctuating~isotropic! contact-
hyperfine fields are responsible for the field-dependent t
of l. The anomalous behaviors oftc and (gmB̃')2 are then
to be traced back to the RKKY mechanism, coupling t
conduction electrons and the Pr 4f electrons. We suggest tha
the RKKY coupling constant is affected by the quadrupo
degrees of freedom of Pr31, changing the overlap integra
with the conduction electrons23 and rendering also the rel
evant contact-coupling constantÃ0 time dependent due to
stochastic rotational motion of the quadrupole mome
Hence 1/tc is not necessarily connected to the behavior
magnetic dipoles but to that of higher multipole moments.
any case,tc would characterize the fluctuations of th
contact-hyperfine field atm1. The decrease ofB̃'

2 could be

explained as due to a decrease of the averageÃ0
2. The static

A0 and the dynamicÃ0 are not necessarily tracking eac
other.

A further distinction between the field-dependent a
field-independent terms ofl can be made:l(T)con does not
track the loss of the static spontaneous fields at;65 K, but
the Jahn-Teller transition at;7.5 K, the latter is most pro-
nounced at 4 kOe, the maximum field applied. The cusp
increase oflcon at ;7.5 K signals an increase oftc,2 which
may be attributed to a slight slowing down of the Pr 4f spin
dynamics. This is not seen in ZF, probably becauselcon is
masked by the field-dependent term in Eq.~19!, l(H). On
the other hand,l(H) seems to be closely associated with t
spontaneous order developing below;65 K. Above 65 K it
reflects the slowing down of fluctuating~contact hyperfine!
fields, and below 65 K it is the dominant contribution tol in
zero and small LF. See also the remarks in the follow
section. Other scenarios might be envisioned as well.
leave it at that and just emphasize once more that them1

relaxation behavior originates from two distinct and coexi
ing mechanisms. This has to be understood in future wo

C. Temperature dependence ofnZF

As we have seen in Sec. III B, the spontaneous freque
or field, respectively, follows a most unusual temperat
dependence@Eq. ~3!# which seems to be made up of tw
factors. The factor (12T/Tcr)

b appears to reflect the orde
parameter and the other factor@12exp(2E/kT)#, some addi-
tional suppression of the spontaneous field. We have c
pared these factors with the temperature dependence of o
parameters of PrCu2. We found that the temperature depe
dence of the elastic constantC66 ~Ref. 11! is precisely repro-
duced by@12exp(2E/kT)# with E55.15 K. This is shown
in Fig. 29. The stars are calculated according to

C66~T!5C02A@12exp~2E/kT!#. ~46!

They seem to track the data even better than the solid
2-16
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which represents a calculation. According to Ref. 11,
second-order perturbation theory

C66~T!2C052Ng2xxy~T!, ~47!

wherexxy(T) is the strain susceptibility,N is the number of
ions per unit volume, andg is the magnetoelastic couplin
constant.xxy(T) is given by

xxy~T!5 (
nÞm

2u^nuOxyum&u2

En2Em

1
1

kT H(
n

exp~2En /kT!

Z
u^nuOxyun&u2

2S (
n

exp~2En /kT!

Z
^nuOxyun& D 2J , ~48!

whereun&,um& are eigenstates of the CEF Hamiltonian acti
on the Pr31 ground-state multiplet3H4 , En andEm are the
corresponding eigenvalues andZ5(nexp(2En /kT) is the
partition function.Oxy is the quadrupole moment~Stevens!
operator. As was shown in Ref. 11 and mentioned in
Introduction,Oxy is also the relevant operator in the quadr
polar interaction responsible for the establishment of the
roquadrupolar order belowTJT . Hence we may write for the
ordered moment

m~T!5Kxxy~T!~12T/Tcr!
b, ~49!

whereK is some numerical constant. This empirical relati
may lend itself to the following interpretation. The quadr
polar interaction causes strain which via the magnetoela
coupling induces the complex magnetic order that we h
seen. The strain itself disappears aboveTcr . This would
mean that belowTcr certain degrees of freedom of the qua
rupole moments are frozen out, establishing a semiorde

FIG. 29. Temperature dependence of the elastic constantC66.
The indicated stars are calculated with Eq.~46!. The factorA is
determined by normalizing Eq.~46! to C66(T) at 10 K.
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quadrupolar state, while the fully ferroquadrupolar state
only established belowTJT . This nonmagnetic origin could
explain why the Pr31 4 f moment dynamics is essentiall
unaffected by the onset of the order at;65 K and why, on
the other hand, the conduction-electron system provide
different channel ofm1 relaxation via the stochastic tim
dependence of the contact-coupling constant.

Finally, we reiterate our suspicion that the phase transit
at ;50 mK may concern only the Pr nuclear-spin system

VI. SUMMARY AND CONCLUSIONS

The mSR measurements have established that some
of magnetic order continues to exist in PrCu2 up to Tcr
;65 K. The order appears to be consistent with what h
been observed below 50 mK in neutron-scattering work,2 but
this may not be the only possible structure. In particular
modulated ordered moments are confined to the (a,c) plane,
the angle between the ordered moment and thea axis
changes from being close to zero at low temperatures
;34° at 20 K. The amplitude of the modulation saturates
0.27mB below 1 K. The temperature dependence of the
dered moment is up to a factor (12T/Tcr)

0.32 identical to the
temperature dependence of the elastic constantC66,11 which
is proportional to the strain susceptibility.11 This leads us to
consider that the magnetic order is not of magnetic origin
induced by the strain arising from quadrupolar effects, wh
set in belowTcr . We do not see the phase transition at
mK. We propose that the phase transition seen in neu
scattering involves only the Pr nuclear-spin system.

Besides static spontaneous fields acting onm1, m1 is also
subject to fluctuating fields, inducing relaxation of them1

polarization component parallel to the total static field. It
found that the relaxation rate consists of a field-independ
term and a field-dependent term, the latter following t
Redfield formula. The field-independent term displays a 1T
dependence, while the field-dependent term involves unu
temperature dependencies of the correlation time and flu
ating field amplitude. We propose that the latter is caused
the contact-hyperfine field which acquires a stochastic tim
dependence due to a time-dependent RKKY mechani
which in turn is caused by the stochastic rotational motion
the 4f quadrupole moments. This presupposes that the
volved overlap integral depends on the orientation of
quadrupole moment or the aspherical 4f electron charge
tribution, respectively.23 This stochastic rotational motion i
slowed down and eventually partially frozen out when a
proachingTcr .

We find that the total static field width monitored bym1

is much larger than what is expected from the modula
structure. We attribute this to random fields induced by
hyperfine enhanced Pr nuclear dipole fields involving an
hanced factor of order 60 at 5 K, about twice as large
estimated before.1,4

Transverse-field measurements served to determine
m1 site from the anisotropic Knight shift above 100 K. I
agreement with earlier conclusions3 and corresponding mea
surements in GdCu2 ~Ref. 20! and CeCu2 ~Ref. 28!, we find
the m1 to be located more or less at the center of a trian
2-17



e-

e

on
d

ze

si

l
tive

Ch.
r

east
on-
e
-
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formed by three Pr ions in the (a,c) plane (4e site!. Above
10 K them1 Knight shift follows, like the bulk susceptibil-
ity, a Curie-Weiss behavior but with very different Curi
Weiss temperatures. This must certainly be am1-induced
effect like it has been found in other rare-earth and U int
metallic compounds such as Ce7Ni3.19 However, below 100
K we find evidence that the contact-hyperfine coupling c
stant becomes temperature and possibly also orientation
pendent. This is attributed again to quadrupolar effects23 and
supports our idea that much of what has been seen in
field is of quadrupolar interaction origin.

We like to mention that we have never seen inmSR mea-
surements in other intermetallic compounds such a diver
e

s.

ys

.
R.

.

si-

.
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of features as in PrCu2. We now hope that theorists will fee
challenged to understand these features in a quantita
manner.
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