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Thermodynamic and near-surface correlations in uranium monophosphide
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Inelastic neutron-scattering measurements of the antiferromagnetic fluctuations in uranium monophosphide
above, and in the vicinity of the Ne´el temperatureTN are reported. At the elastic position, with sufficiently
relaxed energy resolution to integrate over the low-frequency dynamics, in the immediate neighborhood ofTN

a two component wave-vector profile is observed. From measurements of theinelastic linewidth as a function
of temperature, it is concluded that the ‘‘broad’’ component in the scattered wave-vector profile represents the
response of conventional bulk thermodynamic fluctuations. These observations, taken in conjunction with an
earlier magnetic x-ray-scattering study over a similar temperature interval, strongly suggest that the ‘‘broad’’
component observed in the x-ray-scattering experiments has a distinct origin from that observed here.
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I. INTRODUCTION

Uranium monophosphide belongs to the family of u
nium monopnictides, has a simple NaCl crystal structure~lat-
tice parameter 5.58 Å!, and transforms in an apparently di
continuous manner from the disordered paramagnetic sta
a simple~commensurate! type-I antiferromagnetic state1,2 at
a temperatureTN close to 121 K. Despite much theoretic
effort, the nature of the phase transition from the param
netic to antiferromagnetic state remains unclear in this c
of materials.3–6 The understanding of the approach to t
ordered state has been further clouded in recent years b
discovery oftwo componentline-shape diffraction profiles in
a host of different materials undergoing various types
phase transition.7 Among these are UP and members of t
uranium monopnictide family.

UP has been chosen for this study in preference to
other monopnictides since, despite the difficulty in prepar
single-crystal samples, it gives no evidence, neither in
bulk properties nor in magnetic diffraction data, for an i
commensurate precursor magnetic phase aboveTN.2,8 The
type-I antiferromagnetic order, which occurs in the three
mains consistent with the cubic symmetry of the NaCl str
ture, has a propagation vector along equivalent@001# direc-
tions with the magnetic sublattice moments parallel to
propagation vector. That is, the antiferromagnetic state c
sists of alternate sheets of ferromagnetically aligned m
ments, wherein the moment direction is perpendicular to
sheet and parallel to one of the original cubic axes. We n
parenthetically that, although the phase transition must
accompanied by a tetragonal distortion, in practice it is
weak that one may continue to use cubic indexing in disc
sion.

In our previous resonant magnetic x-ray-scatter
PRB 580163-1829/98/58~6!/3180~6!/$15.00
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experiments8,9 ~Refs. 8 and 9, hereafter referred to as I! at
the uranium M4 edge, anomalous, domain-orientatio
dependent, antiferromagnetic correlations were found up
temperatures as high as 130 K within the near-surface
depth probed by the low-energy x-ray beam~typically to a
depth of 1500–2000 Å!. This work revealed the importanc
of near-surface magnetization density fluctuations in the
proach to the antiferromagnetic phase transition in this m
terial and established its role as a model system to exam
the two length scale phenomenon in this class of materia

In the light of these x-ray studies, to further our unde
standing of the nature of the phase transition and the sig
cance of the two length scale diffraction profiles observed
~I!, it became important to establish the detailed spec
form of the bulk, dynamic, antiferromagnetic correlation
over a similar temperature interval. To this end we report
both elastic and inelastic neutron-scattering measurem
undertaken on this material. The experiments were car
out on the same single crystal as used in the magnetiza
and x-ray-scattering studies~50 mg!, which is important
since several authors have indicated a sample depend
associated with the observation of the two length sc
phenomenon.10,11

The summary of the paper is as follows. In Secs. II A a
II B the wave-vector dependence and energy dependenc
the scattered neutron spectra are discussed, respect
Above TN , we find a response consistent with that anti
pated from thermodynamic, bulk fluctuations. This is
sharp contrast with the observations by magnetic reson
x-ray scattering reported in~I! whereonly that domain with
magnetic sublattice polarization parallel/antiparallel to t
sample surface normal was seen to give a signal aboveTN .
Parenthetically, we note that belowTN the magnetic x-ray
scattering~I!, in common with the neutron investigations r
3180 © 1998 The American Physical Society



it
no
e
m

r
e

ed
ch
.
c
a

a
es
b

th

th
d

e
th
de
a

o
po

tic
an
in
th

out
ea-

ti-

en-
, at
this
tor,
ich,

nd
po-
etic
is
c
d,

cin-
e
ice
ure-
ci-

rs
ols

r
ra-

dths
blat-

PRB 58 3181THERMODYNAMIC AND NEAR-SURFACE CORRELATIONS . . .
ported here, gave magnetic reflections from domains w
propagation vectors both parallel to the sample surface
mal and domains where the propagation vectors lie perp
dicular to the sample surface normal. Furthermore, in co
mon with the x-ray studies~I!, a region of complex behavio
is found in the vicinity ofTN . For the sake of discussion, w
define a low-temperature regimeT,120.8 K, a transition re-
gime around the nominalTN of 12160.2 K, and a high-
temperature regimeT.121.2 K.

In Secs. III and IV we bring together information gather
from bulk magnetization and the neutron and the x-ray te
niques. There prove to bethreecharacteristic length scales
The sharp component, seen both in x-ray and neutron s
tering, is related to bulk antiferromagnetic order; the bro
component, observed by neutrons~this paper!, arises from
thermodynamic fluctuations, and the near-surface, dom
sensitive, broad component, characterized previously in r
nant x-ray-diffraction experiments, appears to be driven
the break in translational symmetry associated with
sample surface@see also the discussion in~I!#. As derived in
~I!, there may exist a relationship between the value of
near-surface driven correlation length and the thermo
namic correlation length.

II. EXPERIMENTAL TECHNIQUE AND SUMMARY
OF RESULTS

A. Wave-vector dependence of the elastic neutron scattering

Two sets of neutron-scattering experiments were p
formed on two different triple axis crystal spectrometers,
DN1 spectrometer at the Siloe reactor of the Centre d’Etu
Atomique ~CEA!, Grenoble, and the IN14 spectrometer
the Institut Laue Langevin~ILL !, Grenoble, France.

First, using a well-filtered incident beam of wave vect
2.662 Å21 with the spectrometer centered at the elastic
sition @energy resolution full width half maximum~FWHM!
0.56 meV# at low temperature in the antiferromagne
phase, we established the presence of the three type-I
ferromagnetic domains of the NaCl structure. The doma
were found to be approximately equally populated and

FIG. 1. An example of the two-component line shape~in wave
vector! at the~12̄0! position seen in the vicinity ofTN . Data is the
difference of the elastic scattering at 120.87 K and 200 K~back-
ground! taken with incident neutrons havingki51.55 Å21.
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phase transition to the paramagnetic state took place with
observable hysteresis over the temperature scale of our m
surements~temperature resolution and reproducibility es
mated at 0.1 K around 120 K!.

The magnetic response in the transition regime aboutTN
was then measured. As anticipated, the intensity was c
tered around those points in reciprocal space that were
low temperatures, the antiferromagnetic zone centers. In
interval one has a two-component line shape in wave vec
Fig. 1. The sharper and more intense component of wh
within the resolution of the spectrometer~estimated recipro-
cal space resolution FWHM'0.007 Å21), has no change in
linewidth from lower temperatures, appears to correspo
with regions of long-range order. The weaker broad com
nent in turn merges smoothly with the quasielastic magn
scattering at high temperatures~the energy dependence
discussed below! and is identified with the thermodynami
fluctuations. The widths in the wave vector of the broa
quasielastic component, extracted from the data in the vi
ity of TN , are shown in Fig. 2 for the two directions, on
parallel and one orthogonal to the direction of the sublatt
magnetization of the low-temperature domain. The meas
ments, made on the two spectrometers at two different in
dent wave vectors, 2.662 Å21 and 1.55 Å21 ~energy

FIG. 2. The widths in reciprocal lattice units~r.l.u.! of the wave-
vector dependence of scattered intensity at the~12̄0! reflection as a
function of temperature (T) obtained on two separate spectromete
at two different incident wave vectors. The filled and open symb
refer to data from DN1 at Siloe, CEA, Grenoble (ki

52.662 Å21), and IN14 at ILL, Grenoble (ki51.55 Å21), respec-
tively. In the upper panel the experimental widths are shown foQ
parallel to the antiferromagnetic propagation vector. For tempe
tures in the vicinity ofTN ~121 K!, the widths of both of the two
components to the line shape are given. In the lower panel, wi
are given as measured in the direction perpendicular to the su
tice moment and in the scattering plane.
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resolution FWHM 0.11 meV and reciprocal space resolut
'0.004 Å21), are represented by the filled and open circl
respectively. The agreement is good and confirms that
neutron spectrometer energy resolution is sufficient to in
grate over the fluctuations, at least up to 121.5 K. At hig
temperatures our energy resolved studies~below! indicate
that the fluctuations have an energy spread substantially
yond that of the resolution atki51.55 Å21, and under these
conditions the integration technique would fail to extract
liable q widths. However, forki52.662 Å21, the integration
technique should be reliable up to approximately 130 K.

The broad wave-vector component that continues ab
TN has typicalq widths, respectively, one and two orders
magnitude larger than theq resolution for directions paralle
and perpendicular to the domain propagation vector, Fig
This broad response has been measured for points relat
all three domains and yields similar results. This observa
alone is in stark contrast to the results of~I! whereonly that
domain with magnetic moment polarization parallel to t
sample surface normal was seen aboveTN . Thus, in the
temperature interval where the near-surface antiferrom
netic correlations as measured by x-ray scattering are dom
orientation sensitive, the bulk~thermodynamic! correlations
measured by neutron scattering occur equally for all th
domain polarizations. This is a primary result of this inve

FIG. 3. The highly anisotropic line shape in wave-vector sp
at the ~12̄0! position seen atT5121.4 K ~aboveTN) in UP. The
directionh lies parallel, antiparallel to the low-temperature subl
tice magnetization directions. The directionk lies in the scattering
plane and is orthogonal to the directionh.
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tigation and supports the interpretation in~I! that neitherof
the ‘‘two length scale’’ components observed in magne
x-ray-scattering diffraction profiles may be directly identifie
with the thermodynamic fluctuations.

As in the interpretation of the x-ray-scattering data, it
convenient to discuss the reciprocal ofq widths in terms of
the number of antiferromagnetic layers, one unit antifer
magnetic layer being taken to have the chemical cell spac
and consisting of one sheet of up-spin moments couple
one sheet of down-spin moments. The inverse widths of
h scans at~12̄0! correspond with the number of correlate
layers in the direction parallel to that of the low-temperatu
sublattice moment. This number is approximately two an
ferromagnetic layers in the temperature range aboveTN .
That is to say the antiferromagnetic fluctuations consist
marily of bilayers and trilayers even in the immediate vici
ity of TN . No evidence for diverging bulk antiferromagnet
correlations has been found, in agreement with the disc
tinuous nature of the transition. In the orthogonal directio
that is, lying within a ferromagnetic sheet, the neutrons se
bulk thermodynamic correlations with a typical spatial exte
of some 30 cells.

B. Energy widths of paramagnetic excitations

Experiments were also undertaken to examine the ene
dependence of the neutron-scattering intensity by antife
magnetic fluctuations aboveTN . A weak signal was ob-
served in addition to the intensity coming from incohere
elastic scattering. This weak scattering is within the reso
tion centered at zero energy and of Lorentzian line shap
the energy transfer; see Fig. 4. The inelastic response
measured at the wave vector corresponding with that of
low-temperature antiferromagnetic zone center and follow
up in temperature to 130 K~Fig. 5!. Above this temperature
the scattering was very weak, although some signal persi
to around 150 K where it became indistinguishable from
high-temperature background scattering~data taken at 200
and 300 K show no measurable difference!.

As seen in Fig. 5, the measured energy linewidth,
inverse relaxation time, decreases as the temperatur

e

-

FIG. 4. Inelastic scan taken atQ5(12̄0) in the paramagnetic
phase of UP. A clear quasielastic peak is seen in addition to
incoherent~elastic resolution limited! scattering. Counting time was
600 s per point.
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lowered, extrapolating to a finite limit atTN . In a similar
manner the inverse of the intensity of the scattering falls t
finite value atTN when proper account is taken of the d
tailed balance and kinematic factors in the cross sect
Thus, the behavior of the inelastic component is just t
anticipated for thermodynamic fluctuations on approachin
discontinuous phase transition where both the susceptib
and correlation length saturate on approachingTN .

This inelastic response was seen at those reciprocal la
points that would eventually become antiferromagnetic z
centers belowTN , having a magnetic propagation vectorq
not parallel tok f2k i5Q, wherek i , k f are, respectively, the
incident and scattered wave vectors. In contrast, for a re
rocal lattice point whereq would lie parallel toQ, no quasi-
elastic intensity was observed. Given that in the ordered s
the time-averaged moments lie parallel/antiparallel to
magnetic propagation vectorq, and that the cross section
sensitive to the transverse component of the magnetiza
as expressed through the vector productM∧Q, it would ap-
pear that the fluctuating moments in the paramagnetic ph
have no significant transverse components.

III. DISCUSSION

The combination of the wave-vector-dependent and
ergy resolved studies indicate the presence of strongly po
ized, longitudinal, fluctuations that exhibit the characteris
response of bulk thermodynamic modes. Given the anti
romagnetic structure, such longitudinal fluctuations in
paramagnetic state, as inferred from the measured scatt
amplitude, may arise either from fluctuations in the loc
magnitude ofM or from a fluctuating correlation length i
the ferromagnetically aligned sheets of moments. We are

FIG. 5. The temperature dependence of Lorentzian energy h
widths and inverse magnetic susceptibility atQa f m , measured on
IN14 at ILL, Grenoble (ki51.55 Å21).
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able to distinguish the two effects in these experiments.
From the wave-vector-dependent studies~Figs. 2 and 3!

one knows that the magnetic fluctuations of the paramagn
phase in the vicinity ofTN have condensed to form spatial
extended sheets of ferromagnetically aligned moments
are coupled together in magnetic bilayers and trilayers. T
relative values of the intraplane to interplane coupling as
ciated with these layers may be estimated with a sim
mean-field model.

One imagines the ‘‘up’’- and ‘‘down’’-spin sheets as tw
sub-systems with magnetizations ofM1 and M2 , respec-
tively. For an interplane couplingJ, one has

M15x1~H1JM2!

and

M25x2~H1JM1!,

whereJ ~positive! augmentsJ M2 and decreases the effectiv
field on M1 . For theM2 sublattice,J M1 acts in a similar
way. Since the two subsystems are identical, this gives
bulk susceptibilityx~0! and antiferromagnetic susceptibilit
x(Qa f m) as

x~0!5
2x i

12Jx i
and x~Qa f m!5

x i

11Jx i
,

respectively.x i is the susceptibility of one of the subsystem
One sees that the divergence ofx i may drive the antiferro-
magnetic susceptibility critical beforex i itself for an appro-
priate value ofJ ~negative!. In a mean field picturex i may be
represented in Curie-Weiss form

x i5
x0

12J0x0
,

where J0 gives a measure of the Curie-Weiss divergen
From the bulk susceptibility, Fig. 6, one estimates the div
gence ofx~0! around 20 K5Q while x(Qa f m) diverges at
121 K5TN . The condition of divergence of the stagger
susceptibility atTN and the unfulfilled divergence of the bul
Curie-Weiss susceptibility yields an estimated ratio of co
pling constants of

2J

J0
5

TN2Q

TN1Q
'0.57,

indicating the relatively stronger internal sublattice coupli
associated with the ferromagnetic sheets.

We consider now the difference between the broad co
ponent of scattering observed in the vicinity ofTN in the
previous x-ray experiments, and the scattering from b
thermodynamic fluctuations identified here. We return to
Ginzburg-Landau model developed in~I!, which takes into
account both the discontinuous nature of the phase trans
and the surface perturbation. This model demonstrates
although physically distinct, there should exist a numeri
relationship between the value of the near-surface driven
relation length perpendicular to the surface, and hence
pendicular to the sheets of ferromagnetic order, and the
responding thermodynamic correlation length. Explicit
one has for the model considered in~I! a free energy of the
form

lf-
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F5E
0

`

dz~ f b1 f s!,

where f b is a bulk contribution chosen to yield a first-ord
transition andf s is the surface induced contribution. Th
leads to a spatial dependence of the near-surface magne
tion ~z is the distance down from the surface into the bul!

m~z!25m* 2S T2Tc

T* 2Tc
D F11AT2T*

T* 2Tc
sinh~2zk1AS!G21

,

whereT* andTc are the critical temperatures of the mod
T* corresponds with the temperature at which the free
ergy passes with its minimum at finite sublattice magneti
tion through zero.Tc is the point at which the stable state
one of finite sublattice polarization. The scaling parame
m* is the value to which the sublattice magnetization jum
at T* in those regions that transform andk is the inverse
thermodynamic correlation length~that may be estimated
from the top panel of Fig. 2!.

The quantityAS in the above equation and defined belo
sets the length scale for the near-surface correlation
m(z). The possibility to have a plateaulike region inm(z) at
a given temperature above the bulk phase transition temp
ture, as observed in the x-ray-scattering experiments,
pends on the quantityAS being negative. The spatial exte
is given in magnitude asAS times the thermodynamic cor
relation length. From the explicit equation forAS, one sees
that the closerT approaches toT* , the more negativeAS
becomes, and hence the larger the region of delocalize
near-surface magnetization. This behavior is distinct fr
that of the bulk fluctuations, the correlations of which sa
rate on approachingTN . Explicitly, the model expression fo
the parameterAS is

FIG. 6. The temperature dependence of bulk magnetic susc
bility measured on the sample used in these experiments. The
were taken in a commercial squid magnetometer of the ‘‘Quantu
design at the CEA, Grenoble. The applied field of 500 G used
these measurements was approximately parallel to a fourfold ax
the crystal. From the high-temperature behavior, one extrac
Curie-Weiss moment of 3.4mB per uranium atom and a Curie-Weis
temperature of 20 K. The estimated error in a given data poin
approximately represented by the size of the symbol.
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AS5arcsinhS S m*

m~0! D
2S T2Tc

T* 2Tc
D21

A T2T*

T* 2Tc

D .

Experimentally, the number of antiferromagnetically corr
lated layers perpendicular to the near surface observed by
x-ray technique is approximately 4 unit cells or 8 magne
layers. This is a low multiple of the estimated number
thermodynamically correlated layers in the equivalent dir
tion, the thermodynamic bilayers and trilayers identified
this neutron experiment. The temperature dependence o
thermodynamically correlated and near-surface layers
also different. Taken over the temperature range 121 K,T
,130 K, one sees that the near-surface correlations as m
sured by x-ray scattering arise from a correlated moment
is approximately constant over this interval~Fig. 12 in Ref.
8! while the inverse susceptibility that falls continuously o
approachingTN ~top panel, Fig. 5! is indicative of continu-
ously increasing magnetic correlations. The numerical diff
ence in the correlation lengths observed by the two te
niques, their different temperature dependencies, and
domain selectivity in the x-ray case~I! and not in the neutron
measurements, suggest that there really is a difference
tween the two broad components. Although one may
two-component line shapes in both neutron and x-r
scattering experiments~Fig. 1, this paper, and Fig. 5 in Re
8!, they represent, on the one hand, the bulk thermodyna
fluctuations and, on the other, a surface stimulated corr
tion length.

IV. CONCLUSIONS

It has been shown that bulk antiferromagnetic fluctuatio
in UP occurring aboveTN have the character expected f
thermodynamic modes corresponding to a discontinu
phase transition. The modes have a lifetime that increa
but remains finite on approaching the antiferromagne
phase transition and, in a similar way, the real-space co
lation volume associated with the dynamic fluctuations
mains finite on approaching the phase transition. Th
behaviors are consistent with elementary pictures of disc
tinuous phase transitions. The lack of an observable sca
ing intensity for fluctuations transverse to the eventual
main sublattice moment direction, and the extrem
anisotropy of the measured response in the wave vector
flect the anisotropy between the intraplanar and interpla
coupling. In summary, it appears from the neutron-scatter
work reported here that, over the measured temperature
gime, the thermodynamic fluctuations in the paramagn
state consists of finite lifetime two-dimensional sheets of f
romagnetically aligned moments coupled together in bilay
or trilayers.

The observation that the dynamic neutron-scattering
sponse aboveTN peaks, in wave vector space, in the vicini
of all three low-temperature antiferromagnetic zone cent
is significant. This is in contrast to the behavior of the an
ferromagnetic near-surface correlations observed by reso
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x-ray magnetic scattering whereonly scattering from that
domain with magnetic moment polarization parallel to t
sample surface normal was seen aboveTN . This observa-
tion, plus the saturation of the thermodynamic correlat
length, reinforces the interpretation in~I! that neitherof the
two length scale components observed in magnetic x-
scattering experiments may be identified with the bulk th
modynamic fluctuations. Finally, through a combination
neutron~this work! and x-ray~I! scattering, we have bee
able to identifytwo distinct broad components representi
ta

s

r

.
rn
n

y-
-
f

bulk thermodynamic fluctuations and a surface stimula
correlation, respectively.
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