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Zero field muon spin rotation and relaxationsmSRd measurements on a single crystal of orthorhombic
PrCoAl4 revealed the presence of spontaneous static fields, extending above the well-known incommensurately
modulated antiferromagnetic structuresTN=17 Kd up to at least 110 K. Two further transitions at 30 K and
84 K were clearly visible. The spontaneous fields aboveTN are confined to thesb,cd plane and are tentatively
ascribed to a spin density wave involving the Co 3d-band electrons.
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I. INTRODUCTION

The magnetic properties of orthorhombic PrCoAl4 have
recently been studied by susceptibility and magnetization,1

neutron diffraction,2,3 and specific heat measurements.4

PrCoAl4 crystallizes in the LaCoAl4-type structuresspace
groupPnma, no. 51d ssee Fig. 1d. The only other rare-earth-
based compounds of this type are LaCoAl4 and CeCoAl4.

5

The orthorhombic crystal electric fieldsCEFd splits the3H4
ground state multiplet of Pr3+ into nine singlets. The specific
heat data point to two closely spaced singlets placed about
135 K above the lowest nonmagnetic singlet state.4 The sus-
ceptibility measurements1,2 reveal pronounced anisotropies
and identify the crystallinec axis as the easy axis. The over-
all behavior of the susceptibility is typical for an enhanced
Van Vleck paramagnet. Below 17 K PrCoAl4 shows a sine-
wave longitudinal amplitude modulated antiferromagnetic
sAFd structure with an almost temperature-independent
propagation vectorq=s0,0,0.4087s5dd, as found by neutron
diffraction on a single-crystal sample.2,3 The amplitude of the
wave, 2.24s4d mB/Pr at 1.5 K, oriented along thec axis, is
reduced compared to the Pr3+ free-ion moment of 3.2mB,
pointing to strong crystal-field effects. To find magnetic or-
der in a singlet ground state compound the exchange cou-
pling between neighboring Pr ions has to surpass a certain
critical value, comparable to the energy of the first excited
CEF level. It is also worth mentioning that at 4.2 K a spin-
flop transition is observed in the case that the external field is
oriented parallel to thec axis and rises above 0.7 T.4 The
neutron work did not show, down to 1.5 K, any evidence for
a squaring up of the sine-wave modulation towards a long-
period commensurate structure or an equal-amplitude an-
tiphase domain structure, where in the latter case the mo-
ments within a block have equal moments, changing sign
from one block to the next in the direction of the wave
vector.3

In order to check the persistence of the incommensurate
sine-wave AF structure down to low temperatures by a dif-

ferent technique, a muon spin rotation/relaxationsmSRd
study was initiated. This local probe technique has proven to
be able to distinguish between commensurate and incom-
mensurate structures quite easily, as shown in the case of
CeSi.6 In this compound the interpretation of neutron-
scattering measurements, initially assumed to indicate an in-
commensurately modulated AF structure,7 was later revised
to agree with themSR results.6 However, the results to be
presented in this paper reveal completely unexpected mag-
netic features of PrCoAl4 above TN.17 K, appearing to
show further transitions at 30 K and 84 K, while themSR
signal below 17 K is too complex to allow unambiguous fits
ssee Sec. IIId. Hence this paper is mainly concerned with the
results obtained aboveTN.17 K in zero applied field.

II. EXPERIMENTAL DETAILS

ThemSR measurements in the zero applied fieldsZFd and
some preliminary measurements in the transverse fieldsTFd

FIG. 1. The crystal structure of orthorhombic PrCoAl4. Indi-
cated are the interstitial sitesb, c, d, h, f1 and f2. The sitesf1 are
midway between Pr ions, the sitesf2 midway between Co ions,
along theb axis. The sitesc, d, h are situated in a kind of open
channel and may, therefore, not provide deep traps for them+.
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of 6 kOe were carried out at the Swiss Muon Source SmS of
the Paul Scherrer InstitutesPSId, using the general purpose
instruments GPS and Dolly on thepM3 andpE3 surfacem+

beam lines, respectively. The single crystal sample was
grown by means of a modified tri-arc Czochralski technique4

and cut into approximately cubic volumes1.6431.72
31.78 mm3d, with the edges along thea, b, c crystal axes.
The crystal was mounted in the cryostats of both instruments
such that it could be rotated around theb axis and the mo-
mentumsor beam axisd of the incomingm+ was perpendicu-
lar to the b axis, allowing the initial polarizationPms0d to
turn in thesa,cd plane. For the ZF measurementsPms0d was
parallel to the beam axis. The positrons from them+ decay
could be recorded in forward and backward placed detectors
with respect to the beam axis. In the TF measurements the
applied fieldHext was oriented parallel to the beam axis and
Pms0d was rotated by,45° from parallel to the beam axis
towards the vertical direction by means of a spin rotator
placed up stream in them+ beam linepM3. In this case the
positrons were recorded in up, down, and right-placed detec-
tors with respect to the beam axis. The cryostats allowed us
to set temperatures between 1.8 K and 300 K.

As usual themSR signal is obtained from the positron rate
along directionr sr =1d versus elapsedm+ lifetime,8 i.e.,

dN

dt
= Noe

−t/tmf1 + APstd · rg, s1d

wherePstd describes the evolution of them+ polarization in
the sample after implantation,A is the effective decay asym-
metry of them+ andtm=2.2 ms the meanm+ lifetime. Typi-
cally 3–4 million decay events were accumulated per detec-
tor.

III. RESULTS

Above TN the ZF-mSR signalPstd was best fitted by a
sum of three components: a Gaussian-damped precession
component, a just Gaussian-damped component, showing no
or an extremely slow precession, and an exponentially de-
caying term, i.e.,

Pstd = p1 expS−
1

2
s1

2t2Dcosvt + p2 expS−
1

2
s2

2t2D
+ p3 exps− ltd, s2d

with p1+p2+p3=1, implying that allm+ implanted into the
sample contribute to the signal. In the fit of Eq.s1d to the
data the decay asymmetryA was fixed to a calibrated value.
Irrespective of the form of Eq.s2d the data reveal an overall
fast relaxation which, as will be discussed further down, can
only be understood to arise from magnetic fields of elec-
tronic origin.

The amplitudespi depend on the orientation of the crystal
with respect to the initialPs0d. This is demonstrated in Fig. 2
which showsAPstd at 20 K forPs0d ia axis andPs0d ic axis.
The fitted orientation dependence of thepi is displayed in
Fig. 3. The solid lines are fits as discussed further down. As
can be seen the exponentially damped component is essen-

tially absent forPs0d ia axis and dominant forPs0d ic axis.
The parametersv, s1, s2, andl are found to be orientation
independent;l is generally rather smalls,0.3 ms−1d.

The first two components reflect the presence of static
internal fields Bint,i which cause them+ spin to precess
aroundBint,i. The first term reveals that the average ofuBint,1u
is finite and the second term that the average ofuBint,2u is very
small, i.e., much smaller than the spreadDBint,2, which be-
comes manifest via the Gaussian decay constants2 sDBint,i
=si /gm, wheregm=2p313.55 krad G−1d. The Gaussian de-
cays indicate that the internal field distributions, associated
with the two components, are also Gaussian. The third com-
ponent reveals the presence of additional fluctuating mag-
netic fields, perpendicular to the staticBint, which cause the
nonprecessing polarization component alongBint to relax ac-
cording to the spin-lattice relaxation mechanism. Sincel is
quite small, applying Redfield theory,9 one deduces that the
fluctuations must be either quite fast or of small amplitude.
As we did not perform longitudinal field studies it is not
possible at present to characterize the fluctuations and say
more about their implications.

The fact that the amplitudespi are orientation dependent
implies that theBint,i are not randomly oriented but possess a
certain preferred direction with respect to the crystal frame.
If Bint is expressed as Bint=Bintssinu cosf x̂,
sinu sinf ŷ,cosu ẑd wherex̂, ŷ, ẑ are unit vectors along the

FIG. 2. The ZF signalsAPstd at 20 K forPs0d oriented approxi-
mately parallel to thec, respectivelya axis s“backward” e+ detec-
tord. The solid lines are fits of Eq.s2d to the data. SincePs0d was
not oriented strictly parallel to thea axis a small contribution from
the exponentially damped componentp3 is present in this signal.

FIG. 3. The orientation dependence of the amplitudesp1, p2,
andp3 of the ZF signals at 20 K. The solid lines represent fits of Eq.
s3d to p1 andp2 and of Eq.s4d to p3.
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a, c and b crystal axes, the amplitudep1 smeasured in for-
ward or backward directiond is given by the expression10

p1 = f1FS1 −
1

2
sin2 u1D −

1

2
sin2 u1 cosf2sw + f1dgG , s3d

wherew is the angle between thea axis andPs0di beam axis.
The corresponding line in Fig. 3 represents a fit of Eq.s3d to
p1swd, resulting in u1=45° ±2° andf1=90° ±2.5°. Hence
the averageBint,1 at 20 K is confined to thesb,cd plane and
encloses an angle of 45° with thec axis. However, note that
sin2 45° =0.5=s1/pde0

p sin2 udu and hence the same result is
obtained for a random orientation ofBint,1 within the sb,cd
plane.

In this respect the second term in Eq.s2d constitutes the
2D analog to the 3D Gaussian Kubo-Toyabe function.11 The
amplitudep2 can be fitted by Eq.s3d as well ssolid line in
Fig. 3d, yielding u2=46° ±4° andf2=95° ±5°, essentially
equal tou1 and f1, respectively. In this case a random ori-
entation ofBint,2 in the sb,cd plane at the involvedm+ site
appears most likely.

The amplitudep3, referring to the polarization component
parallel toBint,3, is given by the equation10

p3 = f3
1
2 sin2 u3h1 + cosf2sw + f3dgj. s4d

The corresponding fit yieldsf3=91° ±2.4° withu3 fixed at
45° ssolid line in Fig. 3d, confirming the results fromp1 and
p2. We will come back to a discussion of these results in the
next section.

The temperature dependence ofn=v /2p, s1, s2, p1, and
p2 has been measured between 18 K and 100 K forPs0d ia
axis, for whichp3.0. The results are displayed in Figs. 4–6.
The observed spontaneous frequencyn drops to zero around
85 K and shows a drastic anomaly at 30 K. The data from
30 K upwards can be well fitted by the phenomenological
expression

nsTd = n0F1 −S T

Tcr
DdGb

, s5d

yielding Tcr=82.7s2.0d K with d;1 andb;0.5 ssolid line
in Fig. 4d. At 18 K n.1.05 MHz, corresponding to an inter-

nal field of 77.5 G. Figure 5 shows the temperature depen-
dence ofs1 and s2. Again anomalies are revealed at 30 K,
but both parameters are practically temperature independent
from 60 K up to 110 Ksthe highest temperature appliedd,
showing no features atTcr. Hence, whilen drops to zero at
,84 K the Gaussian decay continues unchanged, reflecting a
field spread ofDB1=2 ms−1/gm.23 G up to at least 110 K.
Finally, Fig. 6 displays the temperature dependence of the
amplitudesAp1 andAp2. As can be seen the oscillating signal
becomes dominant at the lowestT and starts to drop above
Tcr. The Api seem to reflect the population of the twom+

fractions producing the two components.
As pointed out above, the ZF signal becomes complex

below 18 K. As an example Fig. 7 showsAPstd at 10 K. It
can be fitted with four components, three of them showing
Gaussian-damped oscillations corresponding to precession
frequenciessinternal fieldsd of 3.0 MHz s221 Gd, 6.7 MHz
s494 Gd, and 32 MHzs2.36 kGd, the fourth showing only an
exponential decay with a decay rate of 0.7m s−1, not drasti-
cally larger thanl found above 18 K. The width of the three
precessing components are 47, 18.8, and 293 G, respectively.
The fractional widthDBi /Bi is rather large and may be con-
sistent with the claimed incommensurate AF structure. More

FIG. 4. The temperature dependence of the spontaneous preces-
sion frequencyn=v /2p ffrom fits of Eq. s2dg. The solid line rep-
resents a fit of Eq.s5d to the data forTù30 K; the dashed line
serves to guide the eye. Note the break at 30 K.

FIG. 5. The temperature dependence of the Gaussian damping
constantss1 and s2 ffrom fits of Eq. s2dg. Note the anomalies at
30 K, and the temperature independence above,60 K.

FIG. 6. The temperature dependence of the amplitudessasym-
metriesd Ap1 andAp2. Note that the total asymmetry decreases be-
low 30 K. This is due to an increasing non-negligible contribution
from the exponentially decaying third component as a result of a
not perfect orientationiPs0dia axis ssee caption of Fig. 2d.
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details cannot, at present, be extracted from the data below
18 K, which therefore will not be discussed further.

Preliminary TF measurement at 6 kOe produce also two
components. The extracted Knight shifts show an orientation
dependence which imply that them+ can principally only be
located at the sites 2b, 2c, 2d, 2f, 4h ssee Fig. 1d, none of
which can be excluded on the basis of these rather limited
Knight shift data. The TF data are also in other respects quite
different from the ZF resultsse.g., regarding amplitudesd and
do not show anomalous features at 30 K and 84 K. Further
systematic TF measurements on single crystals will have to
provide the missing information.

IV. DISCUSSION

The results show that the observed spontaneous internal
fields are confined to thesb,cd plane for both components.
Specifically, for one fraction ofm+ the average field is dif-
ferent from zero, and for the other fraction it vanishes. What
is the origin of the spontaneous fields? It is clear that the
underlying structure must be quite different from the modu-
lated antiferromagnetic structure below 17 K as a compari-
son of Figs. 2 and 7 clearly indicates. The appearance of
spontaneous fields aboveTN is reminiscent of similar obser-
vations in PrCu2.

12 However, while the temperature depen-
dence of the spontaneous field in PrCu2 is quite unusual,
reflecting the strain susceptibilityxxysTd,13 in the present
casensTd for Tø30 K exhibits a classical mean-field behav-
ior with the exponentb=0.5. In the former case it was con-
jectured that the observed magnetic order is driven by a qua-
drupolar mechanism; in the present case the magnetic order
is probably of a more conventional origin, but peculiar in the
sense that it was not visible in the neutron scattering work
and the new transition temperatures at 30 K and 84 K are not
reflected in other bulk parameters, such as the susceptibility
and the specific heat.

We have also to understand the unexpected temperature
independenceof the larges1 ands2 above,60 K. The lat-
ter suggests that there could be a further transition at higher
temperatures, which we failed to see so far. The size and
isotropy of s1 and s2 and the anisotropy ofp1 and p2 ex-
clude that thesi originate from randomly oriented Pr-, Co-,
and Al-nuclear dipole-fields, i.e., are given by Van Vleck
second-moment expressions.14 Rather the anisotropy of the

pi implies that the fields at them+ are not randomly oriented
and hence the relevant magnetic moments can also not be
randomly oriented. This excludes also that the largesi below
110 K reflect enhanced nuclear dipole fields due to a hyper-
fine induced polarization of the 4f s3dd electron shells of Pr
sor Cod, e.g., in PrNi5 this is known to lead to an enhance-
ment factors of,10 at low T,15 which should be propor-
tional to the magnetic susceptibility and therefore strongly
temperature dependent. However, thesi are nearly tempera-
ture independent above 60 K. Hence, also the fields above
30 K at them+ must be of electronic origin and one may
consider either the Co 3d or the Pr 4f electrons as the source
of the fields. Since them+ sites have not yet been determined
and the contribution of contact-hyperfine fields, originating
from the conduction electron spin polarization at them+ site,
is not known, it is, however, impossible to model a unique
magnetic structure that could reproduce our data. The con-
finement of the spontaneous fieldsBint,i to the sb,cd plane
implies at least that the ordered moments are also confined to
the sb,cd plane if them+ are located at thef sites, midway
between the Pr or Co sites along theb axis, which are rather
likely sitesssee Fig. 1d. One can always construct for all the
other possible interstitial site near-neighbor spin arrange-
ments which lead to fields in thesb,cd plane. The observa-
tion that theBint,i are probably randomly oriented in the
sb,cd plane suggests that the magnetic structure may be of
the helicalscommensurate or incommensurated type with the
axis of the helix oriented parallel to thea axis. On the other
hand, the wide variation ofuBint,iu stypically v /s1.1d could
indicate that the structure is rather imperfect. The nonoscil-
lating component could simply reflect a random arrangement
of frozen moments, confined to a plane, a kind of 2D spin
glass. This may explain in part why neutron scattering did
not reveal the magnetic order above 17 K.

A rough estimate of the possible magnitude of the ordered
momentsm can be made by considering the shortest distance
r of a Pr or Co ion from the possible interstitialm+ sites and
the resulting dipole fieldm/ r3. The distances range from
2.02 Å for the f site to 3.83 Å for theb site ssee Fig. 1d
leading to dipole fields between 1.13 and 0.165 kG/mB.
Scaling these values down to the observed field at 18 Ksor
30 Kd one arrives at estimates ofs0.06−0.45d mB for
s0.036−0.25d mBg. The actual values may be quite different,
e.g., also much smaller, since we have neglected the contact-
hyperfine fields and the contributions from the other Pr or Co
neighbors. Nevertheless, the estimates give an idea of the
order of magnitude and, depending on the assumedm+ site,
allow us to understand why the high-temperature magnetic
order was not seen in the neutron diffraction work and that
the 30 K and 84 K transitions were not manifest in, e.g., the
specific heat data.

Then the question arises which ions, Pr or Co, may carry
the high temperature magnetic order. Concerning Pr it is dif-
ficult to understand how a small moment can be created out
of the 4f electron state. This compound is not known to
display Kondo behavior. It appears therefore more likely that
the Co constituents are responsible and that the Co associ-
ated 3d bands produce a complex spin-density wave with a
small amplitude, barely contributing to the magnetic entropy.

FIG. 7. The zero field signalAPstd at 10 K s“forward” e+ de-
tectord. The solid line is a fit of a four-component signal as de-
scribed in the text. The inset shows the signal at long times.
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Now the 30 K anomaly has to be considered. As Figs. 4
and 5 show, not only the spontaneous frequencyn but also
the relaxation ratess1 ands2 display a change in behavior at
30 K, in particulars2 rises in a similar way asn. Obviously
the magnetic structure undergoes a transition at 30 K without
changing the general structure of themSR signal, i.e., the
amplitudesAi seem to change smoothly across 30 KsFig. 6d.
The pronounced increase ofn ands2 could point to a change
of the spin density wave amplitude. Perhaps the Pr sublattice
starts to be involved in preparation for the phase transition at
17 K. But also the transition at,83 K, as indicated already
above, is not the end of the magnetic phase as the persistence
of an anisotropic signal and the larges1 ands2 imply. The
magnetic phase diagram of PrCoAl4 seems, therefore, to be
characterized by four transition temperatures.

We have no explanation yet for the temperature depen-
dence of the amplitudesA1 and A2. Is this reflecting the
population of two different sites or does it indicate different
magnetic domains? We do not know. Further measurements
at different orientations of the crystal will hopefully provide
more information, as well as measurements in longitudinal
fields.

Finally, one may consider possiblem+ induced features.
However, we do not see how an isolatedm+ sonly onem+

resides in the sample at a timed can induce a static, more or
less ordered spin arrangement in its vicinity.

V. SUMMARY AND CONCLUSIONS

Our ZF-mSR studies of PrCoAl4 unexpectedly reveal the
persistence of magnetic order above the well-characterized

modulated antiferromagnetic state belowTN=17 K and re-
flect further transitions at 30 K,,83 K, and, presumably, at
a still higher temperature. The magnetic order becomes evi-
dent by the appearance of static fields confined to thesb,cd
plane and probably more or less randomly oriented in that
plane. This may point to an incommensurate spiral structure
of the involved moments with the axis of the helix oriented
parallel to thea axis, or to a truly random order in two
dimensions, resembling a spin glass, where the frozen mo-
ments are confined to a certain plane. Our ignorance of the
m+ sites and contact-hyperfine fields precludes at this time a
clear picture of the established magnetic structure, but rough
estimates point to the possibility that the involved moments
are rather smalls&0.1 mBd. This is taken as a possible indi-
cation that the high temperature magnetic order is of the spin
wave density type and carried by the 3d electron bands de-
rived from the Co sublattice.

Further detailed measurements of them+ Knight shift will
hopefully allow us to determine them+ sitessd, and further ZF
measurements are intended to extend the present data to
higher temperatures.
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