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We present a comprehensive muon-spin-rotation/relax&ji8R) study of the high-temperature magnetic
order (Ty=65 K) in PrCuy, first observed quite unexpectedly in 1998 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 field confirmed the previous findings and allowed
us to determine the properties of the internal spontaneous Belsgletail. It is found thaB is strictly confined
to the crystallographicg,c) plane and encloses on average an adgié 30°—45° with thea axis, depending
on temperature. Bot[B| and ¢ display a large variation. This is consistent with, but does not unambiguously
prove, the incommensurately modulated antiferromagnetic structure observed b&OunK by neutron
scattering S. Kawarazaki and J. Arthur, J. Phys. Soc. Jpf.1077(1988]. The estimated ordered electronic
moment of ~0.29 ug is smaller than the value quoted by Kawarazekial. (0.54 ug). The temperature
dependence ofB| is highly unusual and scales perfectly with the temperature dependence of the elastic
constantCgg [R. Settaiet al, J. Phys. Soc. Jp67, 636 (1998], implying that the ordered moment is propor-
tional to the strain susceptibility involving th®,, quadrupole momeniw™ is also found to be exposed to
fluctuating field components inducing spin-lattice relaxation. The relaxation Nat®nsists 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 ™ are located at & sites. At lower temperatures, we find evidence that the contact-hyperfine
coupling constant becomes temperature and orientation dependent.
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. INTRODUCTION will present comprehensive SR measurements in zero, lon-
gitudinal, and transverse fiel@F, LF, TH, which confirm
Since 1972 it has been known that the orthorhombicour earlier results and allow us to characterize the magnetic
singlet-ground-state compound PgCdevelops below 50 order in much detail. Also the identification of the" site in
mK a cooperative nuclear-electronic antiferromagneticprCy, is reported.
order! This conclusion was drawn from magnetic suscepti- Historically the interest in PrGuderives from another
b|||ty and specific—heat measurements. The latter also indiobservation, name|y the occurrence of a Cooperative Jahn-
cated that belw 1 K any ordered moment cannot be larger Teller distortion afT ;7=7.5 K, first identified in 1974Ref.
than 4.5% of the full P¥* moment (3.3gg). Fifteen years  4) and following year&:® and believed to be driven by qua-
went by before this ultralow temperature order was condrupolar ordering. More recentl{f1995, the detection of a
firmed directly in a neutron-scattering experiméfolariza-  metamagnetic transition in Prg(Ref. 7) has started a flurry
tion and intensity analysis showed that below 50 mK theof further investigations involving magnetization, magneto-
nuclear and electronic moments are sinusoidally modulategfriction, magnetoresistance, and de Haas—van Alphen
in magnitude with a propagation vector(0.24,0,068) and measurementsThe metamagnetic transition was seen up to
that the moments are aligned nearly parallel to the crystalloat least 50 K, above which temperature the required field
graphica axis. The total saturated moment was determinegnust have exceeded the available maximum-880 kOe or
to be 0.3k and the electronic part of it to 0.p4. The it started to be absefitAlso the cooperative Jahn-Teller tran-
intensity of the diffraction peaks vanished at 50 mK and nosition was studied in more detail via thermal expansfbtt,
hint of a persisting magnetic order above that temperaturgpecific heat, elastic constants, and magnetization measure-
was evident. Hence it was a real surprise when 10 years latenents as a function of an external fightl,.'° The latter
zero-field SR measuremeritgevealed a persisting mag- studies allowed us to derive the highly anisotropic phase
netic order up by more thahree orders of magnitudabove  diagram of the Jahn-Teller transition. Of particular interest is
the previous transition temperature, which appeared to bthe strong temperature dependence of the elastic constant
consistent with the incommensurate order of Ref. 2. Criti-Cgg Which, as we will see, appears to govern also the behav-
cism was raised that this might be a muon-induced effect, bubr of the spontaneous internal field revealed by h&R
we will argue that this cannot be the case. In this work, wemeasurements below 65 K. Both the metamagnetic and
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the Jahn-Teller transition features could be quantitatively ex-
plained on the basis of the crystalline-electric-fi¢dEP
Hamiltonian, acting on the’H, ground-state multiplet of
Pt %12 and quadrupole-quadrupole interaction terms, i.e.,
K;7(Oxy)Oxy . responsible for the ferroquadrupolar order be-
low Tyr, and Kyu(O3)03, which switches its sign from
negative to positive across the metamagnetic transition as a
result of a rotation of the quadrupole momepg.%**

So far no connection has been made between the mag-
netic order below 50-60 mK and the higher-temperature
guadrupolar-interaction-driven phenomena. The present re-
sults, on the other hand, suggest that the high-temperature
magnetic order is intimately connected to quadrupolar ef-
fects. Since our observations show that the high-temperature
magnetic order extends unchanged down to 20 mK, the ques-
tion arises as to what is really happening below 50—60 mK.
We suggest that the phase transition seen at 50—-60 mK con-
cerns only the Pr nuclear-spin system, and that the persisting
electronic order may have escaped detecfieee also the
discussion in Ref. 11

The paper is organized as follows. In Sec. Il, we will
present experimental details. Section Il deals with the ZF
and LF measurements. A large portion is devoted to the
analysis of the ZF signals and their orientation dependence,
making full use of the availability of spectra in the forward/
backward, up/ down, and right directions with respect to the
n beam momentum. The possibility to use different initial
n* spin polarizations ranging from being parallel to the
beam momentum to being turned by45° towards the ver-
tical direction is also exploited. This analysis will allow us to
extract the direction of the spontaneous internal fields rela-
tive to the crystal frame. The information is complemented o _ _
by data obtained in LF. This procedure has never before been F'C- 1. Schematic view of the relative sample &d(0) orien-
applied to this extent and the outcome is another demonstrd2ons l.Jsed n the ZF measurements. Pafg|3f) refer also to the
. - - . orientations in the LF case. The indicated valuesxoivere deter-
tion of the power ofuSR in studying magnetic structures . , )

. ; . 2 mined by weak TF measurements with,{|z axis. Panel h sketches
even in compllcated cases. Sectlon. IV s deVOt.e.d tp thihe arrangement of the five positron detectors.
transverse-field measurements, allowing the identification o
the location of the implanteg ™. In Sec. V, we compare
calculated field distributions, using the incommensuratdow us to apply temperatures between 1.8 K and room tem-
magnetic structure of Ref. 2, with the experimental findingsperature. External fields up to 6 kOe can be applied parallel
and arrive at excellent fits. We further discuss the observetp the incomingu™ in the GPS and Dolly spectrometers and
spin-lattice relaxation results and the temperature deperup to 5 kOe perpendicular to the incomipg™ in the GPD.
dence of the spontaneous average internal fields and arrive &be latter instrument was used in the TF measurements to be
the conclusion that the magnetic order is probably inducedble to apply the external field parallel to theaxis which
by quadrupolar effects. The paper concludes with a summaryas not possible in the other instruments. Since ithé3
in Sec. VI. beam line is equipped with a spin rotator, thé polariza-
tion P,(0) can be rotated up te-50°, from nearly parallel
Il EXPERIMENTAL DETAILS to j[he beam_aX|s towards the vert_uﬁab) direction. Slnc_e _the
spin rotator is also used as a positron separator, the ipitial

The uSR measurements were performed at the Swispolarization is never strictly parallel to the beam axis but is
Muon Source of PSI using various spectrometers: the generabtated away by a minimum angle ef12°. ThewE1 and
purpose instrumentGPS and the low-temperature instru- 7wE3 beam lines were at the time of the measurements not
ment(LTF) on thewM 3 beam line, the Dolly instrument on equipped with a spin rotatdibut a positron separatorand
the 7E3 and wE1 beam lines #M3, wE1 and7E3 pro-  here the initialu™ polarization was practically parallel to the
vide surfaceu™ with essentially 100% spin polarization and beam axis. Both GPS and Dolly allow one to monitor the
4 MeV kinetic energy, and the general purpose spectrometerdecay positrons from the implanted” in five positron de-
(GPD) on the decay beam lineE1. tectors placed in forwardH)/ backward 8), up (U)/ down

The LTF allows us to apply temperatures between(D), and right(R) directions with respect to the™ beam
~20 mK and a few Kelvin, while the other instruments al- momentum, as shown in the schematic arrangement in Fig.

¢ (9) DY )
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FIG. 2. The time evolution of thee* polarizationP(t) in the
forward/backward directionta5 K for (a) P,J[b axis and (b)
P,(0)llc axis. The solid lines are fits of E€R) to the data.

FIG. 3. Same as Fig. 2 but measured at 20 K.

comingu*. This sample was also used in the GPS with the
1(h). Both instruments, by means of cleverly arranged veta axis along the vertical direction such trf(0) fell into
detectors, allow us to measure essentially free of a backhe (a,b) plane. For more information on the used spectrom-
ground signal arising fronu. ™ failing to stop in the sample. eters, refer tqRef. 29.

The LTF is equipped with forward/backward, left and right ~As usual in auSR experiment the evolution of the”
positron detectors. We only used the first two detectors. IgpolarizationP(t) is monitored via the time-dependent decay
the GPD, we made use of forward/backward, up/ down deasymmetry of the implanteg ™ by observing the positrons
tectors and the cryostat was in this case a closed cycle rérom the ™ decay in a certain directionas a function of
frigerator, inserted horizontally into the spectrometerelaepsed,u+ lifetime. The positron rate can then be written

(minimum temperature 10 K). a
Several single crystals of PrE&were at our disposal, all
grown at Osaka University as described in Ref. 8. The purity dNe+(t) 1 Cr
of the starting material amounted to 99.99% for Pr, with dt  4nr Noe "+(1=AP(1)-NdQ;, (1)

o

impurity contents of C42 ppm), Ni (4 ppm, and Fe(20 _ )

ppm), to 99.999% for Cu, with no traceable amounts of mag-WhereA is the effective decay asymmet(9.2-0.3, 7, the
netic impurities. Most measurements were performed with dnean muon lifetime (2.2s), [r|=1, andd(), a solid angle
cylindrical sample with 6 mm diameter and 25 mm |ength_element in the direction af. In the following, we will often
The cylinder axis coincided with the crystallographiaxis.  call AP(t)=AP(t) -r asymmetry or signal amplitude.
This sample was used in GPS, Dolly, and GPD. In the GPS

and Dolly, the sample could be rotated around thexis lll. ZF AND LF MEASUREMENTS

oriented perpendicular to the beam, or to the applied field
Hey: in the horizontal plane. Hence the initial™ polariza-
tion at the time of implantatiorP,(0) or He,; could be In ZF the temperature dependenceR{t) was measured
turned in the b,c) plane. This sample was also used in thefor the sample orientations displayed in Fig. 1. For the mea-
GPD whereH,; was coinciding with the axis. The sample surements in the LTkdown to 20 mK the orientation cor-
was too large to fit into the dilution refrigerator of the LTF responded to Fig.(&). Angular scans in ZF were performed
and here we used an assembly of three small flat single crydy rotating the sample around theaxis,[i.e., P,(0) rotated
talline plates of rectangular shape with the short side pointin the (b,c) pland at 2 K, 5 K, 20 K, 23 K, and 50 K. LF
ing along thec axis, the long side along theaxis, and thdd ~ measurements were performed at 2 K, 5 K, 7 K, 8 K, 10 K,
axis perpendicular to the plate plane and parallel to the in15 K, 20 K, 30 K, 40 K, 50 K, 60 K, 70 K, and 80 K for

A. Overview
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FIG. 4. Time evolution ofP,(t) in (a) the forward andb) the 50 100 150 200

up detector at 14 K for the arrangement shown in Fig).1 ¢ (deg)

Hex|P.(0)[caxisand at2 K, 5K, 7K, 8K, 10K, 15K, 20 FIG. 5. Orientation dependence of the amplitud&&® AL’ in

K, 30 K, 50 K, and 80 K foH,,{|P,(0)|[b axis, respectively. forward/backward direction and o&&2'® ,AY’® in up/down direc-
The field scans, depending on temperature, extended up totin, respectively, ata) 2 K and (b) 23 K. P,(0) rotates in the
kOe. We performed also temperature scans if{daRging up  (b,c) plane. The solid lines are fits of Eq4.2) and(13) to the data

to 4 kOe for b aXiS”Hext andc aXiS”Hext- yielding generally¢p=0°+3° and #=33°*+2.3° & 2 K and ¢
=43.7°+2.2° at 23 K.

F‘Iu(O)U b-axi

B. ZF results
. . . and down directions existed. A comparison of the two figures
Figures 24 show some typicaP(t) obtained at 5K, 14 shows that temperature has a pronounced effect on the an-

K, and 20 K. Figure 2 and 3 demonstrate that the signal§ :
. ) : otropy ofA, andA, . At 2 K the average\, is larger and
depend very much on the orientation, and Fig. 4 shows thatL[ e a\r/)grage&x smaller, and the modulgtion of bc?th is sig-

also matters in Wh.'Ch direction the S|g_na| is observed. Genhificantly smaller than at 20 K. Note that at a giv@rthe
erally P(t) is well fitted by the expression

modulation is the same foA, and A, independent of

whether the signal is observed in the forward/backward or
1 oo /down directions. It should also b tioned that no sig-

P(t)=A,exg — = o’t?|coswt+A,exg —At), (2) up/down directions. It should also be mentioned that no sig
2 nal was seen in the right direction. We will see in the follow-

with A,+A,=1, whereA, approaches zero whe®,(0)||b

axis. Clearly, a precession signal is observed which implies 0.05 g ey '{%' gL
that a nonzero spontaneous magnetic field is present in the 0.00 f-—- 4 -orborT fé’b;, +’
sample. It is also recognized immediately that the internal F §oT 8o 70 97 ﬁ’ # % ]
fields must possess a wide distribution in view of the fast -0.05 ¢ o4 [T E
damping of the precession component, which appears to be g 010 F ]
well represented by a Gaussian decay function. F g ]
The orientation dependence Af, andA, is measured in 015 ¢ E
detail by angular scans. Figuregaband 5b) show the re- 020 E E ] ]
sults obtainedta2 K and 23 K. In the first casd?,(0) was i 00 Io;syi%ﬁf(yllil) 20 IZI'S‘ T
parallel to the beam axis, i.e., the projectionRf(0) in the '0'250.0 05 10 15 20 25 30 35

up and down directions should be zero. Nevertheless, a sig-
nal is seen also in the up and down detect@ig. 6). In the
second caseR,(0) was rotated away from the beam axis by ~ FIG. 6. Time evolution ofu™ polarization[arrangement Fig.
12° so that at time zero, a nonzero net component in the up(e)] in forward/backward andinsed up/down direction at 30 K.

Time (ps)
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w/27. The solid line is a fit of Eq(3) to the data.

ing section that the observed angular dependencies will al-
low us to determine the direction of the spontaneous fild

with respect to the crystal axes.

The second nonoscillating but exponentially relaxing
component in Eq(2) must reflect the projection d?,(0)
onto the internal field which will only become time depen-
dent when fluctuating field components perpendiculaBto
are present and are able to induce spin-lattice relaxation.

The temperature dependence of the fitted precession fr
quency is displayed in Fig. 7. The temperature dependence I

perfectly fitted by the expression

v(T)=vq

e S

T T T T T 1T T T T T T 17177
o] (P 1
E% o 1
00 0 o s
25 o
=100 b 2O : o 5
g 20F ] ]
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< ER 1
- S0k o R
05F 0 i
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FIG. 9. Temperature dependence of the spin-lattice relaxation
e\ in ZF. The inset show& above 60 K, the solid line repre-
sents an exponential fit.

with 8=1.01+0.03 ando(0)=89+5 us ! for both orien-
tations, whereas the constam is orientation dependent,
i.e., zero forP,,(0)| c axis and 0.93%0.16 us™* for P,(0)||b
axis. The inset in Fig. 8 shows a log-log plot of € o)
versus temperature and demonstrates nicelyTthe depen-
dence. This will be discussed further in Sec. V C. To a cer-
tain extent,o(T) looks similar tov(T) but Eq.(3) does not

@_Ilow a proper fit ofa(T). One important difference is that

5(T) vanishes at 65 K, but nat(T). In fact, between 80 K
and 130 K Eq.(2) has to be replaced by the expression

1
= 202
20t+)\t

P(t) =A)\exr{ - } ()

and o seems to be finally arising from the random field

with E=5.15+0.05 K, 8=0.38+0.04, andT., =64+2 K. '
The discussion of this result is deferred to Sec. VC. ThesPread due to the Cu and Pr nuclear moments. We will not

temperature dependencefis displayed in Fig. 8. We note discuss this further. _ _ _
that o depends on the sample orientation. Betw@eK and The temperature dependence of the spin-lattice relaxation

65 K, the data are well fitted by the equation

102
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FIG. 8. Temperature dependence of the Gaussian relaxation rate
o. The inset shows a log-log plot ob(- o) versus temperature
for 2<T<70 K. The straight lines have a slope 6fl. Note the

slight anisotropy ofo (see text

102

rate\ for P,(0)|/c axis is shown in Fig. 9. Since fét,(0)|b
axis in ZF the second term in EQ) is absent, we cannot
determine\ for this orientation. However, the angular scans
show that\ in ZF must be essentially isotropic. Anisotropy
will appear when a longitudinal field is appliésee below
Interestingly the ZR\, displayed in Fig. 9, shows relatively
little temperature dependence below 60 K but a cusplike
anomaly at~60 K and sharp exponential decrease above
that temperaturdsee inset in Fig. P For details, refer to
Secs. lllE and VB.

C. Discussion of the anisotropy ofP(t)

The dependence d?(t) on the orientation of the initial
u”" polarization P,(0) with respect to the crystal frame is
naturally to be expected when the angle between the internal
field B andP,(0) or the aperture of the precession cone and
its axis, respectively, change. The time evolution of the
polarization can most generally be expressed as

P(t)=[P,(0)-b]b+{P,(0)—[P,(0)-b]b}coswt
+[P,(0)Xb]sinwt,
whereb=B/B andw=1vy,B [y,=(2)13.55 kHz/G.

(6)
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betweenB and thea axis.
FIG. 10. This figure shows the usen,y,z)-coordinate system

and the crystal frame, whenreis oriented in the vertical direction
andx along the horizontak™ beam axis. The crystalling axis of
the PrCy sample coincides with theaxis around which the sample
can be rotated, changing the angle The crystalline §b,c) plane 1
coincides with theX,y) plane. The initialu* polarizationP,(0) is A'B(o)=F AZsirf6{cosa+cog 2(p+¢)—al},
located in the X,y) plane and encloses an angle @fwith the x 2
axis. Also indicated is some internal fieBl whose direction is
defined via the angleg and ¢, e.g.,B,=B sinfcos¢, etc.

For those directions of observation the amplitufiggs. (7)
and(8)] assume the expressions

(123

1
AVYP (o) =+ A=sirfo{sina+siN2(d+¢)—al},
The third term will be absent in an antiferromagnet since v (9) 2 {sina+sin2(¢+¢)=al}

to eachB there will be a—B and we will have as many ™ (12b
precessing clockwise and counter clockwise. .
Along the direction of observation, the amplitudes of R\ N A ci to—

the nonoscillating and the oscillating terms will be given by Anle) AZSIH(ZH)COSW p=a) (129
A\=[P,(0)-b](b-T) (7 ~and

and AP (¢)=F Acosa—A{%(¢), (133
A,=P,(0)-r—A,. (8) ALJ)/D(SD): iASina_A)L\J/D((P), (13b)

We introduce a laboratory framey,z as shown in Fig. 10, . .

and a crystal framea(,b,c) such that the axis is parallel to AL(e)=—Ax(e). (139

the z axis around which the crystal can be rotated. Using.l_he value ofe, i.e., the direction 0P, (0), and of thedecay
) - " ILL )

polar coordinates can be expressed in the crystal frame asasymmetry A can be determined by calibration measure-

ments in weak fields applied parallel to thexis, i.e., per-

B=B[sin6(cos$ b+ sin¢ c)+cosoc], © pendicular toP,(0). Hence fitting Eqgs.(12) and (13), to
where a,b, and ¢ are unit vectors along the crystal axes experimental data the only free parameters are the argles
a,b,c. In the laboratory frame, and¢. In particular, the relative ratio of the-dependent and

e-independent terms in Eq&l2) and (13) are fixed by the
B=B{sind[ cog ¢+ @)X+ sin( ¢+ ¢)y]+cosb Z}, anglea. For the various arrangements, the calibratedre

(100  alsoindicated in Fig. 1. All angular scans, independent of the
where ¢ is the angle between the axis and thex axis, used temperature, are exce_ller)tly fifcted_by Ed42) and(13),
(=beam axis), which will change when the crystal is rotatec®S d(_amonstrated by the solid Ilngs in Flg. 5. The cprrespond—
) _ NN ) ing fit parameters are reported in the figure caption. Gener-
around thea axis or thez axis, respectivelyx,y,z are unit 41y e find =0, while # becomes temperature dependent
vectors alon_g thex_,y, and z axis. The initial pola_lr|zat|on and varies betweer 30° and~ 45° (see Fig. 11 and discus-
P.(0), restricted in the experiment to the verticat,¥)  sjon below. For other temperatures, &hor 6, respectively,

plane, will be given by was extracted from the amplitudes of the oscillating compo-
A~ . nent,A,,/Axsirfd. We mention that similar data obtained in
P(0)=P,(0)(cosa x+sinay) (1) ceRhIn could not be fitted by Eqs12) and (13). In this

andr in forward/backward, up/down, and right direction by ¢ase a conical arrangement of the internal fields had to be
admitted and correspondingly modified Eq$2) and (13)

re;g=[+1,0,0, ryp=[0,£1,0], and rg=[0,0,—1]. then fitted the data perfecﬂﬁ}.The choice ofx has a decisive
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effect on the observable signal. For exampley i 45° and
e=45° [Fig. 1(d)], we find |A7'B|=Asirte=|A"P| and
|AF/B| = A(cos45°-sirP)=|AT®|, i.e., the oscillating and
nonoscillating components are the same in forward/
backward and up/down directions.

This is indeed observed in the GPS. If on the other hand
a=0, as in the Dolly instrument, and=0° [Fig. 1(f)], we
have |AT/B|=Asir?g, AYP=0 and |A7/B|=A(1-sir?6),
AYP=0, i.e., no signal is seen in the up/down directions. If
a=0 and ¢=45°, we find |AI’8|=1Asir?g|AV"|
=1Asir?9 and |AT/B|=—A(1- }sir6),|AVP|=1Asir?e.

This situation, which leads taY°=—AY'® s realized in-
deed for the signals in Fig. 6. For another configuration
where thec axis coincides now with the axis and thea axis
points along the vertical axis[Fig. 1(g)] (this changes) to

90° ande=0° is now the angle between tkeaxis and the

b axis, we find for a=45°, ATB=0, |AVP|

= Asin 45°(sirt6) and |AF/B|= A cos 45°|AY/P|
=Asin 45°(1-sir?), i.e., in the forward/backward direc-
tion only the oscillating term is expected to be seen, while in
the up/down direction both terms should be superimposed.
The data in Fig. 4 show precisely this behavior. Equations
(120 and (130 predict that a sizable signal with a periodic-
ity of 360° should be well visible in the right direction as
long asf+0° or 90°. No such signal is, in fact, detectable.
This caused some serious concern, but we will later see that
it is a natural consequence of a distribution @fvalues,
owing to the modulated structure of the magnetic order and
the sin 2 factor. Note that for the other orientations the &in
factor appears quadratically. Hence the fittiedalues have

to be viewed as averages over their absolute values.

We are now in a position to provide a first description of
the internal field distribution. The angle=0° implies that
the projection ofB onto the p,c) plane is parallel to the '0'100 4 2 34
axis and henc® must be confined to thea(c) plane. The
average deviation from tha axis (the z axis in our geom-
etry) is temperature dependent and changes as shown in Fig. FIG. 12. 4 SR signals in backward direction at 20 K for various
11. Sinced is extracted from sit¢, § may be positive as well longitudinal fields. The solid lines represent fits of E) to the
as negative. The absence of any detectable signal in the righata.
direction indicates strongly tha may indeed vary between

AP ()

Time (usec)

positive and negative values so that the average ofsoa . (Bsin@+Hg,p?
) . . F/B _ _ ex
become quite small or even zero. Further evidence for a dis- AT (e=0)= B2+ M2+ H.Boing’ (149
tribution of # values is provided by measurements in a lon- ext— 7 ext
itudinal field. o o
’ AFP(p=0")=A~AT®(=0°), (140
D. Measurements in longitudinal fields H2
. o e . ALP(p=0907) =A— (159
Information on the direction of internal fields can also be +Hgy
obtained by applying an external fiel,,; and monitoring
the u* Larmor precession around the new total fidd ATB(o=90°)=A—ATB(p=90°), (15b)

+ He{xt. T.h|s works only in systems which do not POSSeSS & 1 o total field at thee* will be
multidomain structure such thd& appears randomly ori-

ented. It also requires use of single crystals. Both conditions B —0°)VB2+HZ + 2H..Bsing 16

are fulfilled for the present system. The fietL,, was ap- o =07 extm et ' (18

plied either parallel to the axis (¢=0) or parallel to theb By @ =90°) = \/m— (17)
tot - - ext

axis (¢=90°) with P,(0) parallel toH.,; (in Dolly). Re-
placing in Egs(7) and(8) B by B+H,,, we calculate for The * sign appears in Eqg14a and (16) because of the
these orientation overall antiferromagnetic moment arrangement leading to

104422-7
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FIG. 13. Field dependence of the amplitutlg and the preces- FIG. 14. Temperature dependence)oft various longitudinal

sion frequencyw/2m at 5 K for () He,{|b axis and(b) Hed|c axis.  fields for (a) Hey{|c axis and(b) He,b axis.
The solid lines are calculated as discussed in Sec. V A.

E. Temperature and field dependence ol

! ) ) The LF scans at various temperatures allow also to deter-

fields +B and—B in the (a,c) plane. FoHe, inthe @,)  mine the corresponding dependencies of the spin-lattice re-

plane, this implies resulting fieldse, = B. FOrHe: Perpen-  |axation raten. Figures 14a) and 15b) provide an overall

dicular to the @,c) plane, the sign oB does not matter and jia\y of AT, Hey) for Hoyllc axis andH,,J|b axis, respec-

Biot is simply given by Eq(17). Hence in the former case tjyely. Figure 1%5a) compares the anisotropy &f for H oy

we expect a splitting of the oscillating component. =100 Oe and 2 kOe. Generally decreases with increasing
Figure 12 shows a sequence of signaf(t) in backward  H_,, but the anisotropy becomes more pronounced. For

direction forb axis [Hey at 20 K with He, ranging from  smallerH . the anisotropy is limited to the range 15—-60 K,

zero to 500 Oe. All signals are fitted wedlolid lines by Eq.  but for H,,>400 Oe,\ is anisotropic from at lea® K up

(2). As examples the field dependencefqf and of the pre- to at least 130 K[see Fig. 1&)]. While the temperature

cession frequencys/27 are displayed in Figs. 18 and dependence o for H., <400 Oe looks complex, a T/

13(b) for T=5 K, respectivelyA, (Heyx) and w(Hex)/27  dependence is seen fbl,,=2 kOe. The solid lines in Fig.

for He,{|b axis are reasonably well fitted by Eq45b) and  15(b) are fits of the expression

(17). The solid lines shown in Fig. 18), however, stem from

calculations discussed in Sec. VA. Note tidf®=0 for

. L . A
He=0 and increases with increasiity, by the same pro- A= TO +const (18)
portion thatA"/® decreases in accordance with E¢5a
and(15b).

Very similar results are obtained fdt,,Jc axis except to the data. For both orientations congr095(1) us * and

thatA"'® is different from zero already &l o,=0. Equation  No(HexdlP)/Ao(He,d|C) =4.0(4). Wenotice a weak anoma-
(2) allows still excellent fits and there is no indication for a lous feature at 7.5 K, i.e., &t;r. This becomes much more
splitting as predicted above. The field dependenca,péind  Pronounced in a field oH=4 kOe. [see inset in Fig.

/27 is displayed in Fig. 1®). In particular,A,(He,) is  15(0)]. This anomaly is absent fde,<400 Oe.

not following Eq. (14b) averaged over the- and — sign The field dependence af at all temperatures and for both
versions. Note tha\,=0 for B cosf—Hg,=0. This out-  orientations follows the expression
come is another indication th& shows a more complex

distribution. As we will see in Sec. VAA"T/B(H,,) and

Q(HeXQIZW can _be well reprqduped on the basis of the con- AM(Heox) =No————— + Neon» (19)
sidered magnetic structufsolid lines in Fig. 180)]. 1+ (rw)?

104422-8
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1L 2 H_, |l b-axis FIG. 17. Fourier transform of the TF signal at 12 K
107 o H:;t Il c-axis ] =6 kOe) for(a) He,{c axis and(b) H.,{|b axis.
[ L | shift in the usual way® The muon precession frequency was

101 102 measured foHq,|b axis, Hey|c axis (Hex=6 kOe) and for
Temperature (K) Heydla axis (Hex =4 kOe) in the temperature range 2(10)
—300(320) K. Figure 17 displays Fourier transforms of the
FIG. 15. () Comparison ok (T) in LF at 100 Oe and 2 kOe for  precession signal taken féf,,{|c axis andH,,|b axis at 12
the two orientationHe,{|c axis andHe{|b axis. (b) Temperature K. In the latter case, a single relatively narrow line is ob-
dependence ok in LF at 2 kOe forHe,{[b axis andHe{ ¢ axis.  served, while in the former case two rather broad and closely
The solid lines represent fits of E¢18) to the data. Note the spaced lines seem to be present. The precession signal is
?non;aly neal;r=7.5 K which is much more pronounced at 4 kOe jhqeed best fitted fof <60 K by a two-component function
Insey.

, : - P.(t)=A e~ (12050050 t 1+ Ao~ VD03 cose.t
with @=y,Hey. For Heyflc axis the data and the fits are c 1 1ra2 2

displayed in Fig. 16. These results will be discussed further (20
in Sec. VB. and it is found thafA,= A; ando,= o ;. Above 60 K the two
components merge into a single line. The temperature depen-
IV. TRANSVERSE-FIELD MEASUREMENTS dence ofw,/27 and w, /27 is displayed in Fig. 1&). In

accord with the Fourier transform fdi,,{|b axis, the pre-

cession signal is perfectly fitted by a one-component func-
These measurements were primarily conducted with théion

aim to determine the.™ site in PrCy from the u* Knight

A. Experimental results

Pp(t)= Ae*(l’z)"gtzcosmt. (21)

The temperature dependence wf/27 is displayed in Fig.
18(b). The differencaw; — w, scales well with the frequency
wzg of the spontaneous ZF signal below 60 K and in fact,
seems to be equal @, [see inset in Fig. 1@)]. Since for
the orientationH,,{|c axis Hey; and the internal field8 are
coplanar, we expect, as in the LF case, that the total field will
assume two values according to Ef6). We will later see in
Sec. V Athat in contrast to the LF signals, a split TF signal
in a strongH.,; (Hex>B) is indeed predicted. A split signal
is also expected for the orientatidty,{|a axis, but since the
102 1071 quality of the spectra in the GPD were much poorer we did
Field (T) not attempt to perform two-component fits. For the other
orientation He,{|b) Heyis perpendicular t@ and no split-
FIG. 16. Longitudinal-field dependenceXfat various tempera-  ting will occur, hence a single line is observed. As can be
tures forH,,{|c axis. The solid lines are fits of E¢L9) to the data. ~Seen w3/27 is shifted to values below the frequency

A (us™)

104422-9



A. SCHENCK, F. N. GYGAX, AND Y. ONUKI

98
96
94
92
90
88
86
84
82
80

824

Frequency (MHz)

822
82.0
81.8
81.6
81.4
81.2

T T T T T TTT T T T T LI
B 6T E
I} F i
~ 5F ,§"{“- i

B 00 N F E
| oV [ i
i “a, SIS
- > + [ N
r 2 ata, % £ 6° 1]
B \Y o - NN
- a3 2 A%AA o 00 12 3 4 5 6
n A o ZF frequency (MHz) |
B A L0 |
- . A -
L Hy Il c-axis R Ba , 7
B 1 1 1 | Il 1 1 Il 11 I_

10" 102
l % T T T 1T T T T T T 11T T T
i %(% H,, |l b-axis i
i 2, ]
F b [¢] ]
= fe) .
'oo ________ Y_efd ___________ ]
C 00l I |?(|)||O||Q O(ljocl)_
10° 102

Temperature (K)

PHYSICAL REVIEW B 68, 104422 (2003

T T T T TTT] T T T T T TTT]
1 L

10 § Aﬁuc o © <>
[ A i
[ Ao i
| A < a _

= P Il dé
;5'/ 100 5 o =
5 & ° E
~— - % Oo N
5 I IS L ]
¢ | & e _
107 ° E
- Qe 0° ]
i 1 | I I I A | |

102 107!

susceptibility (emu/mol)

FIG. 20. Clogston-Jaccarino plot of the Knight shift felr,,;
oriented along the,b, andc axis versus the bulk susceptibilitg,,
is shifted up by 0.2% to allow its display on a log scale. The hori-
zontal line corresponds t§,=0.

FIG. 18. (a) Temperature dependence of the precession frequen-

cies w127 and w,/2m (He—=6 kOe). The inset showsaf;
— w,) /27 versus the spontaneous frequency in @F.Temperature
dependence ob;/27. The frequencyvey= (7, /2m)Hey is indi-

cated by the horizontal dashed line.

weyi/27, arising in the presence of onliH.,, for T

ABio1=

ABB AB

B2+ H2.. ..HIB
B+HextHext>>B

(22

For Heydla axis o is much larger than for the other two
orientations. This is, however, a consequence of not having
performed a two-component fit.

The Knight shift is extracted from th@verage shift of

the precession frequencies by correcting for the demagneti-
zation and Lorentz fields and using for the bulk susceptibility

>40 K, signaling a negative Knight shift, and it changes 0y, from Ref. 9. The demagnetization factors were esti-

values abovew.,./27 for T<40 K, signaling now a posi-
tive Knight shift. The Gaussian relaxation rates for all three
orientations are presented in Fig. 19 together with the zer
field o for P,||b axis. We note rather different behaviors. In
particular, o in TF for He,q|b axis is clearly much smaller
than in ZF. This is in part understandable given tBai;

= JHZ,+B? [Eq. (17)] and hence the variance B,AB,

translates as follows into the variance®yf,AByq;:

mated according to Ref. 17. In Fig. 20, we plot the Knight
shifts, labeledK, ,K,,K. for the three orientations dflg,;
Qersus the bulk susceptibility,, . Conventionally, the
Knight shift is expected to scale withy,« and the data in
Fig. 20 should fall on straight lines. As is evident this is
absolutely not the case. In particular, the behavidk pfvith

102 F—
POty

i [u}
[¢]

ol S

P00 o

100 3 Aa

o (us™)

o ZF
oTF
ATF
OTF

P,(O)lIb
Hext ” c
Hext“ b
Hext ” a

o

Lol A

Lol L1

Lol

10°
Temperature (K)

100

FIG. 19. Temperature dependence of the Gaussian relaxation

N
o
N

rateso in ZF and TF(6 kOe for various orientations.

a change of sign at-40 K calls for a more sophisticated
explanation.

B. Determination of the u* site

We recall that the Knight shift consists of two contribu-
tions: the contact-hyperfine term and a dipolar field term.
The dipolar field originates from the moments induced by the
external fieldH.,;, and the contact term arises from the spin
polarization of the conduction electrons at thé site. The
spin polarization is dominantly caused via the Ruderman-
Kittel-Kasuya-Yosida(RKKY) mechanism by the moments
induced in the 4 shell of PF". As usual we may writ€

Ka=(Aot+AgD) xa T K3, (233
Kp=(Ag+AdP) xp+KY, (23b)
Kc:(AO+Ang)Xc+K(c)' (23(:)

104422-10
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FIG. 21. Temperature dependencekof andK, above 100 K.

FIG. 22. tal struct f orthorh
The solid lines represent Curie-Weiss fiEg. (24)]. G Crystal structure of orthorhombispace groupmma,

No 74) PrCu, with the u™* site indicated.

where A, is the contact-coupling constant assumed to be o ) i
isotropic and temperature independdkﬂi,p are the diagonal Table ). Similar observatl_onlsé have been made before in
elements of the dipolar coupling tensdi;, with SAJ"P U1Aus; (Ref. 18 and CeNis.
—0, andy; are the components of a local susceptibility ten-  €oncerning<,,, the temperature dependence above 100 K
SOr ¥i0c Which characterizes the magnetic response of the Pi§ 100 weak to allow a precise determination A&f in the
atoms in the neighborhood @f". The absence of scaling in Same way as foK, andK.. This presents a problem be-
Fig. 20 indicates thaf,,. is different from ¥y, . This will ~ cause the determination of the four coupling constants
in part be au " -induced effecf (see below The coupling Ao, ALY ApY, and ASP requires knowledge of all three
tensor depends on the" location in the considered lattice Ai(i=a,b,c). Therefore we followed a different approach.
and vice versa the determination/;, allows us to identify ~ From the fact that the precession signal shows no splitting,
the u™ site usually unambiguously. independent of orientation, follows th&y;, possesses only
The absence of scaling appears to render it impossible tdiagonal elements. Calculations show that, except for the 4e
extractA%”P from K;(T). Fortunately we find that above 100 Sites[see Fig. 22 all other likely interstial sites, e.g., the

I . . . .
K, K, andK. show a perfect Curie-Weiss temperature de-4d.4c,4b sites (Wyckoff notation) involve Ay, with non-

pendence, zero off-diagonal elements. Also, from an analysis of the
spontaneous fields in the ordered state of Gdifwas al-
A.C o ready known thafu* must reside at a site of theedtype,
Ki:-|-_-|-Ci +Ki (i=a.c), (24 e.g., at the position}’z) with z=0.6132° This is near the

center of the triangles formed by three Pr atoms, see Fig. 22.
whereKi0 are temperature-independent contributions. CorreAssuming that this site is also occupied by fiaé in PrCu,
sponding fits are displayed in Fig. 21. Although the loss ofwe comparedA,—A.=A%P—AYP=1 385(6) kGjsg with
scaling can be attributed toa" -induced modification of the calculationé' changing only thez value around the center
magnetic response of the nearest Pr neighbors, the ionic statesition of the trianglé?
of Pr, i.e., P", cannot be changed. Hence the fadfocan In Fig. 23, we plot the calculateti?— A% versusz and
be identified with the Curie-Weiss consta@t=[N-J(J include the measured value as a horizontal liaed error
+1)/3I<B]g§,u§(=1.6 Kemu/mol for Pt") and A=A, barg. From the intersection of the two lines, it follows that
+AJP. The fitted parameter; ,K?, andTc are collected z=0.6406-0.0004. For this site we calculateAl,
in Table I. In other words, the modified susceptibility above=1.609 kGjug,  AfP=—-1.831 kGjug, and AlP
100 K follows a Curie-Weiss behavior, like the bulk suscep-=0.222 kGjug (Aid;ﬁzo), which enables us now to deter-
tibility, but with very different Curie-Weiss temperaturesee mine also Ay=A,—AYP=0.709(3) kGlg and Ay=A,

_ _ +ASP=—-1.122 kGjug. By fixing the latter value in Eq.
TABLE I. Collection of fit parameterbEq. (24)]. (24) and fitting it toK,(T) for T>100 K alsoT, , andK?,
are determine@see Table)l. The inset in Fig. 23 pictures the

Hexdla Heullc Heul Pr triangle and the.™ position within. We see that the™ is
A (kG/ug) 2.318(3) 0.433(3) —1.122 fixed  hearly equally spaced from the three Pr positions.
KS (ppm) —836(24) 188(32) —515(20) We briefly comment on the loss of scaling & with
Te (K) 96.4(5) 71.8(1.9 ~138 (8) Xbulk- While above 100 K the change of the Curie-Weiss
Te buik (K) 22.7 —32.7 ~102 (1) temperature can be explained as a muon-induced modifica-
AYP (kG ug) 1.609 0.222 —1.831 tion of the crystalIine-electric-fie_ld splitting of theH,
Ao (KG/ug) 0.709 0.709 0.709 ground-state multiplet and possibly also of the exchange

coupling of the three nearest Pr neighbors, the change of sign

aSee text. of Ky at ~40 K cannot arise from the local susceptibility.

104422-11
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C
1.8 - i

0.8 T

Before we enter to deal with this question, and in antici-
pation of critical reactions, we consider the possibility that
what we observe is somehow all muon induced. In our view
2 | | the main objection against this possibility is the wide but

0.63 0.64 0.65 nonisotropic scatter in the directions Bfin the (a,c) plane
(see below Sinceu™ resides at a unique crystallographic
site one would expect that @*-induced effect is the same

FIG. 23. Plot of calculateddP— A%P versus the coordinate of ~ everywhere in the lattice. In addition both the appearance of
the e site at ¢,%,2). The horizontal line represents the measured@ cutoff temperature in the temperature dependence of the
value leading ta=0.6406. The inset displays the position @t zero-field precession frequency and the slowing down of the
inside a Pr triangle. spin dynamics on approaching this temperature from above
(albeit in a noncritical fashionseem impossible to be ex-
plained as au " -induced effect.

Returning to the question of the possible magnetic struc-
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i FIG. 24. Plot of calculatedR [Eq. (32)] versus the contact-
- i coupling constan®; for various anglep. The indicated dashed
i horizontal lines represent the measured values at 5 K and 20 K.
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i
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|
|
I

zlc

Rather A,=A,+AJP must exhibit the sign change. Since

dip ; _i . .
A,bb is a temperature-independent parameter as long as Nfre below 50 K, we start with the assumption that the modu-
site change occurs, we have to conclude thatbecomes |aieq structure found below 60 mK may persist to high tem-
temperature dependent belowl00 K and, perhaps, also an- peratyres. Hence we assume that the ordered moment at
isotropic. In any case this indicates that part of the temperaposiﬂon R, is given by
1

ture dependence df, K}, K. below 100 K is connected to
A,. SinceAdiP<0, A, has to become larger with decreasing
temperature. As to the possible mechanism leading to a tem-
perature dependence #f, in the presence of quadrupolar . . . .
degrees of freedom, we refer the reader to Ref. 23. Evidenc@nd po=(Cosg a+sing ¢) g, Wherea andc are unit vec-
for a temperature dependefg has also been demonstrated tors along thea and ¢ axes. According to Ref. 2k

in SR studies of YggThy o3Bs (Ref. 24 and HoBC,.>>  =(0.24,0,0.68),0~=6.5°, and uo=0.54ug for T—0 K.
Since we have no detailed knowledge on the local magnetic

structure within a Pr triangle and do not know the relative

M(Rj) = po-cog27k- R+ ¢) (25

V. DISCUSSION phases of the modulation within some generic triangle, we
) take that Eq.(25) is also describing the modulation of the
A. Magnetic structure moments within a triangle and set the overall phase0.

As demonstrated above the ZF and LF measurements The calculation of the dipolar field distribution over the
have revealed that the unexpected internal fi@dselow — u”* sites follows the procedures described in Ref. 16. Ac-
~60 K are confined to thea(c) plane and must show, on an cordingly the field at a particular.™ site R, can be ex-

average, a preferred direction close to fad 0] and[110]  Pressed as

axes, respectively, the precise direction changing with tem-

perature. The absolute value Bf must also show a wide Baip(R,) = Cyip- cO427K- R,) — Syip- sin 2m(k-R,,)
distribution, the width of which being of the same magnitude (26)
as the average. Can we understand this on the basis of some

assumed magnetic structure? with

104422-12
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FIG. 25. Comparison of calculated and measuPgt) at 5 K
for P,(0)| c axis (solid and dashed lingsndP,,(0)||b axis (dotted

and dot-dashed lingsThe experimentaP(t) is represented by the

fitted Eq. (2).

3 anle

Cdipzzi: (M:#—% cog2wk-r;), (279
3( oI

sdip=§i) (”?—sr')r'—% sin2wk-r;), (27b

where R, denote the positions of the Pr ions ang=R,
—R, . The lattice sums are the same for all equivalgrit

positions. In PrCy we find two magnetically inequivalent

positions with the generic positionss,;,0.6406) and
(0,5,0.8594). For both positions is the same an@ differs

PHYSICAL REVIEW B58, 104422 (2003

A is the contact-coupling constant, assumed to be isotropic.
The angled(d) betweenB($) and thea axis, entering into
Egs.(9), (10), (12), and(13), follows from the relationsee
Fig. 10

o>

B(9)-

sin(6(5)) = B’

(31)

where, as before; is a unit vector along the axis. In the
experiment, we will see an average over &Nalues (G< 4
<27) and the sifd factor in Egs.(12a), (12b), and (13a),
(13b) has to be replaced by

_ 1 [27(B(8)-¢\°
S'”Z‘g_)zwjo (|B(5)|) dé=R, (32
and the sin 2 factor in Eqs(12¢) and(13c¢) by a correspond-
ing average.

The calculations show th& is the parameter that most
sensitively depends on the assumed magnetic structure, e.g.,
on the anglep and also on the contact-coupling constagt
In Fig. 24, we plot calculatedR versusA, for different o.

Also indicated in this figure are the experimental valueR of
measured @5 K and 20 K. We recognize th&=0.5 can

only be reproduced iA;<0 andp>30°. R=0.33(the 5-K
value can be reproduced for al, but againA, will have to

be <0.4 kG/ug or negative. This appears to contradict our
earlier conclusion in Sec. IV that below 40 K,>|AZP|
=1.83 kGjug . It seems tha#\, connected to field-induced

only by its sign. The lattice sums were extended over cube@10ments behaves differently as compared wigrconnected

of at least 18 10bx 10c.?? Because of the incommensu-

ratek the argument Zk-R, may be replaced in Eq26) by
the continuous variablé(0< §<2) with eachd appearing

with the same weight. The resulting spectral distribution of
|Bgip| is identical for the two sites. In addition, we assume

the presence of a contact-hyperfine fiBlg(R,,) induced by
only the three Pr neighbors next to",

3
Be( R,L)=Ao§1 MR, +11)=A[Ce-cog 2mk-R),)

+Ssin(27k-R,,)], (28)
with
3
C.= "0-21 cog2mk-r;), (293
3
Se=po, sin(2mk-r). (29b)
i=1

The total field atw* is then given by (2rk- R,=9)

B(8) =Bgip(8) + B(8) =(Cyip+ Cc)COSS+ (Syip+ S)sin

=Ccos5+ Ssiné. (30

to the ordered moments in zero applied figl@dg). We have
no explanation for this behavior, but point out that the field
shifts in the TF measurements at IGware much larger than
the spontaneous fields seen in ZF. It is also interesting to note
that the spontaneous fields, or the relevant ordered moments
are not affected by the applied fielgsee inset in Fig. 1@)].
The calculations also show th@£"sin26(6)]ds=0 for all
A, in accordance with the absence of any signal in the right
detector.

In a next step we assume that at oy = 6.5° according
to Ref. 2. Then(see Fig. 2% at 5 K, Ag=—1.81 kGlug.
Assuming that this value is the same at 20 K, we find
=34°. The time evolution of the.™ polarizationP(t) in
forward/backward direction can be calculated as follows. For
P.(0)[b axis

1 (2=
P(t)F’B=ﬂf co§2my,B(d)t]ds (33
0
and forP,(0)|/c axis, =0,
PtF’B—iFﬂ S[6(5 2my,B()t
(O =5— . {cosT6(5)]cod2my,B(d)t]
+sir?[ 0(5)]e *}dé. (34)
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X\ has to be taken from the experimental results. In Fig. 25much less damped than the experimeft). This can also
we compare calculateB(t) with experimentalP(t) at 5 K  be seen from a calculation of the second moment of the
(A=3.2us Y. It is evident that the calculateB(t) (the  spectral distribution ofB|. The latter can be analytically
ordered moment is set tpy=0.175ug, see below are  expressed agot normalized

2B
P(B)=

(39

[2B7— (C+ )] V[ V(C— )2+ 4(S. C)2+ S+ C?— 2B2] '

The second moment calculated for the 5-K casdlis=2 A (27
X 10° G?, which corresponds to a damping rate <Aw>C:EJ A,(6)cdé, (43
=3.8 us 1. The experimental valued & K are 19.2us ! 0
[P,(0)||b axis] and 25us™* [P,(0)|c axis]. Apparently the (y. 12m)A
field inhomogeneity is further enhanced by some different <,,>c:7“—
mechanism. Hence we multiply in Eq&3) and (34) the (Au)c
oscillating term with a Gaussian decay function, exp
(—30%?). Adjusting o and u and keepingA, fixed to
—1.81 kGjug andp to 6.5°, we arrive at a perfect fit of the
5-K data [see Fig. 26)] with uy=0.175ug,
o[P,(0)[baxis] = 15.7us™* and  o[P,(0)|lc axis]
=23 us L. The 20-K data are reproduced equally well with
wo=0.058ug, 0=34°, o[P,|baxis] =7.0 us™*,

f A0 B DS, (4
0

As an example, the solid lines in Fig. 13 are calculated ac-
cording to the above expressions using fqr, 0,A, the val-

ues estimated above for the 5-K case. However, in order to
obtain good agreement with the ddia particular forv) we

had to take into account the enhancementtig§; due to the
Knight shift, demagnetization, and Lorentz fields in rough
agreement with the TF results. Concerning the TF signals,

o[P,lcaxis] =7.15us™ !, and A, kept at —1.81 kGlug the ; , :
. : . y can be reproduced equally well, in particular the split-
[Fig. 26b)]. For completeness, Fig. 27 displagés) and ting can be traced back to the fact tivg,, (=6 kOe) > B

B( ) pertaining to the 5-K case. Repeating the above proce-

. in contrast to the LF measurements in smahkk;.
dure for the lowest temperatur®.02 K), we obtain ug : I
Wi h f th f th h
0295 (0=6.5°, Ag— — 1.81 kGlus). The LF data are e return to the question of the origin of the enhanced

; ; field inhomogeneity in ZF relative to what is be expected
also excellently reproduced on the basis of the derived values, ., ihe incommensurate structure. One possible explana-
just quoted. tion is that it arises from the hyperfine-enhanced Pr nuclear-

The LF signals are only observed in the forward/di : I ;
>S9 - pole fields. The bare Pr nuclei will produce a Gaussian
backward directions. Defininfsee Eqs(14)-(17)] shaped field distribution at thg ™ site$® which leads to

B 8)=HZ +B(d)2, 36 anisotropic damping constants ' of oy
tot.o(9) extB(9) (36 =0.387us * (0.355us ) for P,(0)|b axis and oy

Ny 5 =0.346us ! (0.298s 1) for P,(0)llc axis in the Van
Biote(9)= VHaxt B(8)*+ 2HexBe( 9), (37 Vleck or quadrupolar limit(radial electric-field gradients
2 assumetf), respectively. Comparing these values with the
A (8)y=1— Hext (38) estimatedo we arrive, at 5 K, at enhancement factays
ol 7P Biotp(8)? = o/ o ranging from 66 forP,(0)|c axis to 40 forP,,(0)|b
axis (in the Van Vleck limiy. These values are about a factor
[Hexit Be(8)]? of 2 larger than estimates presented in Refs. 1 and 4. Since
—B 92 (39 the enhancement factor is proportional to the susceptibility
tot,c of the Pr ions, it is reasonable that shows a IT depen-
_ ; dence at higher temperatuesee inset in Fig. 8 and E@)].
B.(8).=B(d)sin 6(9)], 40 . e
(0)c=B(O)siN 6(9)] “0) The increased value of may be due to a modification of the
the average precession.amplitudes and frequencies are giveIEF splitting of the three Pr ions next to the" site. An-
as follows. ForH,,{|b axis, other reason for the enhanced field inhomogeneity may arise
X from a highly distorted magnetic structure involving short
(A >b:ij WA (8),d6 (41) correlation length. This may also explain the absence of
@ 2mle ¢ ’ magnetic Bragg peaks in neutron scattering above 50—60
mK.
(y,12m)A (27 Summarizing the discussion we can state that the ob-
Ao Jo Au(8)pBrotp()dS (42 served internal field distribution is not inconsistent with the
incommensurate structure derived from the neutron work.
and, forHg,{c axis, However, the amplitude of the modulation at the lowEss$

Ap(8)c=1-

(V)p=
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FIG. 27. Plot of(a) |B| and(b) 6 versusé=k-R,, pertaining to
FIG. 26. Comparison of calculated and measu?é) at(a) 5K  the 5-K case ¢ =6.3°, Ag=—1.81 kGlug ,uo=0.175ug).
and(b) 20 K. In contrast to Fig. 25, the calculated oscillating com- _
ponents in Eqs(33) and(34) are damped by an additional Gaussian WhereB | is the (average amplitude of the fluctuating field
decay factor. Note the perfect agreement between(Bate dashed component perpendicular to the total static fielgedt In the
lines) and calculationgthin solid lines (see texk Redfield formulaw is the u™ Zeeman frequency which in-
volves the total static field gi* [see Eqs(36) and (37)].
of the order of 0.28, i.e., smaller by almost a factor of 2 However, it proved impossible to obtain satisfying fitsuif
compared with the quoted value in Ref. 2. In addition, the= ¥,.Biot is used in Eq(45), instead the fits indicate that
contact-coupling constant associated with the ordered mo= Y,Hex- On the other hand, we may assume that<1
ments is different from what is expected on the basis of thénd ascribe the field dependence to the correlation tige
Knight-shift results. Independently of the magnetic structuréHowever, this would lead to unphysically large values for
adopted in our analysis, our data imply that the average oriB, . In order to understand this puzzling situation, it is help-
entation of the ordered moments rotates from being nearlyul to recall that quite generally Tj is given by the Fourier
parallel to thea axis at lowT towards thd 101] direction in  transform of the local field correlation function evaluated at
the (a,c) plane at 20 K. We can also state that the observethe » ™ Zeeman frequencd/. Equation(45) is obtained when
magnetic structure does not seem to be affected by the apne assumes that the correlation function follows a simple
plication of an external field up to 6 kOe. exponential decay. However, the correlation function may be
more complicated, e.g., showing also an oscillating time de-
pendence in addition to the exponential behavior. By proper
modeling of the correlation function, it is in principle pos-
Another puzzling aspect of the SR results is the coex- sible to arrive, at least approximately, at E¢5) with »
istence of static order and strong dynamically fluctuating=y,H.,:. Hence, without trying to be more explicit, we will
field components. The latter phenomenon is characterized Rypntinue to view the fitted-; andB, as the relevant corre-
a seemingly complex temperature dependdsee Fig. 14 |ation times and fluctuating field amplitudes, respectively. A
The field dependence af was shown in Sec. lllE to follow  proper fit of A(H.,) required also a second field-
Eq. (19). The first term of this equation is of the form of the jydependent term .o, [see Eq.(19)]. The fit results for

. 7
Redfield formula Te ,(Y,LEL)Z and\ .., at various temperatures are displayed
in Fig. 28. The correlation time,, increases from~10"8 s
at 2 K to amaximum of~3x 10"’ s at 50 K followed by a
>3 (45  decrease fof>50 K. Curiously the details in the tempera-
1+ w7 ture region around the maximum depend on the orientation

B. Spin dynamics

A =i:( B,)?
Re Tl y,u, 1
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T to be of the Korringa type. It is reasonable to consider the

3.0 3 . /*}\ E fluctuation ratev to be the relaxation rate of a part of the Pr
25 F e {\\ 3 4f spin, confined, as its static part, to the,§) plane and
% 20 3 / \SE E driven by some quringa-type mechanism. We propose that
n / \ E the related relaxation of* involves fluctuating electronic
= 15F / i i \ 3 dlpole_ flelgls, while the flgctuatlng(lsqtroplc) contact-
e o 3 /% N E hyperfine fields are responsible for the field-dependent term
TE 5,2/ a of . The anomalous behaviors of and ('y/;BL)Z are then
05 F . to be traced back to the RKKY mechanism, coupling the
0.0 s | | LT conduction electrons and the Frelectrons. We suggest that
0 20 40 60 80 100 the RKKY coupling constant is affected by the quadrupolar
— - degrees of freedom of &, changing the overlap integral
140 |- i . with the conduction electroA$and rendering also the rel-
120 | H_ |l c-axis i evant cqntact-cc_)upling cqnstaﬁlb time dependent due to
& B ext 7 stochastic rotational motion of the quadrupole moment.
v, 100 - - . . .
g = A _ Hence 1f. is not necessarily connected to the behavior of
o 80 ] magnetic dipoles but to that of higher multipole moments. In
w60 | A - any case,7. would characterize the fluctuations of the
Z ol . ] contact-hyperfine field gtz *. The decrease &2 could be
20 |- A b 7] explained as due to a decrease of the aveﬁefgeThe static
ol v v a A A ApaadpT] A, and the dynamicA, are not necessarily tracking each
10" 102 other.
1.2 e - A further distinction between the field-dependent and
A - field-independent terms of can be madex (T),, does not
10 | o H,llc-axis track the loss of the static spontaneous fields-86 K, but
B A H_ |l b-axis | the Jahn-Teller transition at 7.5 K, the latter is most pro-
~ 08f - ] nounced at 4 kOe, the maximum field applied. The cusplike
f"g 06 increase ol .., at ~7.5 K signals an increase of , which
g may be attributed to a slight slowing down of the Hrgpin
< 04 dynamics. This is not seen in ZF, probably becangg, is
masked by the field-dependent term in E§9), A(H). On
02 the other hand\ (H) seems to be closely associated with the
ool i L spontaneous order developing belevé5 K. Above 65 K it
10 102 reflects the slowing down of fluctuatingontact hyperfing

fields, and below 65 K it is the dominant contribution\tan
zero and small LF. See also the remarks in the following
FIG. 28. Temperature dependence(@ ., (b) (y,B,)? and section. Other scenarios might be envisioned as well. We
(©) Neon- The solid lines in(c) represent fits of Eq(18). leave it at that and just emphasize once more thatufie
relaxation behavior originates from two distinct and coexist-
of Hey. Below 20 K and above 80 K7, appears to be ing mechanisms. This has to be understood in future work.

isotropic. ()/[BL)2 shows a fast decline with temperature
and becomes temperature independenfs130 K. No sig- C. Temperature dependence o,
nificant anisotropy is seefthe data forH.,{|b axis are not

Temperature (K)

) - As we have seen in Sec. lll B, the spontaneous frequency
shown for clarity. At 2 K, B, =135 G and at 30 KB,  or field, respectively, follows a most unusual temperature
=31 G The corresponding static fields are 456 G and 70 GdependencéEq. (3)] which seems to be made up of two
respectively. factors. The factor (£ T/T,,)” appears to reflect the order
The constant term,,, on the other hand, shows a pro- parameter and the other facfdr— exp(— E/kT)], some addi-
nounced anisotropy and an overall temperature dependenggnal suppression of the spontaneous field. We have com-
like the 2-kOe data in Fig. 16), i.e.,N¢on*1/T. The anisot-  pared these factors with the temperature dependence of other
ropy implies that th_e _quctuating fields are confined to thep(—jrameterS of PrGu We found that the temperature depen-
(a,c) plane. If within the @,c) plane the fluctuat- dence of the elastic constaBg (Ref. 11 is precisely repro-
ing fields are randomly ~oriented,~ one would expectyyced by[ 1— exp(~E/kT)] with E=5.15 K. This is shown
Neon(HexdI D)/ N con(Hexdl©)= (B )%/0.5(B,)?=2. At 2.2 K in Fig. 29. The stars are calculated according to
we find N con(Hexdl0)/Acon(Hexd|€)=3.67, indicating that

B, is not randomly oriented. Labeling the relevant correla- Ces(T)=Cp—A[1—exp —E/KT)]. (46)
tion time 7.,, we now have the conditiom;,<1, and
Neon® ¢ 2% 1/T. Hence the fluctuation rate=1/7. , appears They seem to track the data even better than the solid line
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15F I [ quadrupolar state, while the fully ferroquadrupolar state is
i only established below ;. This nonmagnetic origin could

explain why the P¥* 4f moment dynamics is essentially

unaffected by the onset of the order-a65 K and why, on

the other hand, the conduction-electron system provides a

different channel ofu™ relaxation via the stochastic time

dependence of the contact-coupling constant.

Cgs = Cq- NgZxg(T)
C, = 1.55 x 10" erg/cm®

o
£
5 2 11 3
2 1. = N . , g .
G 0 Ng™= 0.2 x 10" erglom I Finally, we reiterate our suspicion that the phase transition
© = at ~50 mK may concern only the Pr nuclear-spin system.
x 42 >
$ VI. SUMMARY AND CONCLUSIONS
05 The uSR measurements have established that some sort
3 of magnetic order continues to exist in PgCup to T,
13 ~65 K. The order appears to be consistent with what had
| | been observed below 50 mK in neutron-scattering vidsiat
0 100 200 300 this may not be the only possible structure. In particular the

modulated ordered moments are confined to the)( plane,
Temperature (K) the angle between the ordered moment and ahexis
changes from being close to zero at low temperatures to
~34° at 20 K. The amplitude of the modulation saturates at
0.27ug below 1 K. The temperature dependence of the or-
dered moment is up to a factor €I/ T.,)°3?identical to the
temperature dependence of the elastic constggt! which
is proportional to the strain susceptibilityThis leads us to
consider that the magnetic order is not of magnetic origin but
Ceo(T)—Co=— Ngz)(xy(T): 47 induced by the strain arising from quadrupolar effects, which
) ) S set in belowT.,. We do not see the phase transition at 50
where x,,(T) is the strain susceptibilith\ is the number of - mi e propose that the phase transition seen in neutron
ions per unit volume, and is the magnetoelastic coupling scattering involves only the Pr nuclear-spin system.
constant,y,(T) is given by Besides static spontaneous fields actingn u* is also
subject to fluctuating fields, inducing relaxation of thé

FIG. 29. Temperature dependence of the elastic con&ant
The indicated stars are calculated with E46). The factorA is
determined by normalizing Eq46) to Cgg(T) at 10 K.

which represents a calculation. According to Ref. 11, in
second-order perturbation theory

2
Xxy(T) = 2 w polarization component parallel to the total static field. It is
nzm  En—Ep found that the relaxation rate consists of a field-independent
1 expl — E, /KT) term and a field-dependent term, the latter following the
+ _{ 2 —n|(n|Ox In)|2 Redfield formula. The field-independent term displaysT® 1/
kT | ‘5 Z Y dependence, while the field-dependent term involves unusual

exp(— E, /KT) 2 temperature de_pendencies of the correlation time and fluctu-
_ ( E —n<n|OX |n)) ] (49) ating field amplitude. We propose that the latter is caused by
n z Y the contact-hyperfine field which acquires a stochastic time-
dependence due to a time-dependent RKKY mechanism,
which in turn is caused by the stochastic rotational motion of
the 4f quadrupole moments. This presupposes that the in-
o 4 . volved overlap integral depends on the orientation of the
partition function. Oy is th? quadrupole momerﬁ_Stever)S guadrupole moment or the aspherical 4f electron charge dis-
operator. As was shown in Ref. 11 and mentioned in th‘:‘[ribution, respectively® This stochastic rotational motion is

Introdyctlon,QXy is also the relevant operator in the quadru'slowed down and eventually partially frozen out when ap-
polar interaction responsible for the establishment of the ferbroachingT
cr-

roquadrupolar order below;t. Hence we may write for the We find that the total static field width monitored fy

ordered moment is much larger than what is expected from the modulated
_ _ B structure. We attribute this to random fields induced by the
#I=Kooy(DA=TITer) 49 hyperfine enhanced Pr nuclear dipole fields involving an en-
whereK is some numerical constant. This empirical relationhanced factor of order 60 at 5 K, about twice as large as
may lend itself to the following interpretation. The quadru- estimated beforé?
polar interaction causes strain which via the magnetoelastic Transverse-field measurements served to determine the
coupling induces the complex magnetic order that we have.™ site from the anisotropic Knight shift above 100 K. In
seen. The strain itself disappears abdvg. This would agreement with earlier conclusicrend corresponding mea-
mean that below ., certain degrees of freedom of the quad- surements in GdGu(Ref. 20 and CeCuy (Ref. 28, we find
rupole moments are frozen out, establishing a semiordereithe «* to be located more or less at the center of a triangle

where|n),|m) are eigenstates of the CEF Hamiltonian acting
on the P#" ground-state multipleH,, E, andE,, are the
corresponding eigenvalues antE X .exp(—E,/KT) is the
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formed by three Pr ions in thea(c) plane (4 site). Above  of features as in PrGuWe now hope that theorists will feel

10 K the u* Knight shift follows, like the bulk susceptibil- challenged to understand these features in a quantitative
ity, a Curie-Weiss behavior but with very different Curie- manner.

Weiss temperatures. This must certainly bewa-induced
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