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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 N temperaturely are reported. At the elastic position, with sufficiently
relaxed energy resolution to integrate over the low-frequency dynamics, in the immediate neighborhigod of
a two component wave-vector profile is observed. From measurementsipnétasticlinewidth 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.
[S0163-182608)02830-9

I. INTRODUCTION experiment$® (Refs. 8 and 9, hereafter referred to asat
the uranium M, edge, anomalous, domain-orientation-

Uranium monophosphide belongs to the family of ura-dependent, antiferromagnetic correlations were found up to
nium monopnictides, has a simple NaCl crystal strucflae  temperatures as high as 130 K within the near-surface skin
tice parameter 5.58 A and transforms in an apparently dis- depth probed by the low-energy x-ray bedtypically to a
continuous manner from the disordered paramagnetic state tiepth of 1500—2000 A This work revealed the importance
a simple(commensuratetype-1 antiferromagnetic stdtéat  of near-surface magnetization density fluctuations in the ap-
a temperaturdl close to 121 K. Despite much theoretical proach to the antiferromagnetic phase transition in this ma-
effort, the nature of the phase transition from the paramagterial and established its role as a model system to examine
netic to antiferromagnetic state remains unclear in this clasthe two length scale phenomenon in this class of material.
of materials>® The understanding of the approach to the In the light of these x-ray studies, to further our under-
ordered state has been further clouded in recent years by tis¢anding of the nature of the phase transition and the signifi-
discovery oftwo componentine-shape diffraction profiles in cance of the two length scale diffraction profiles observed in
a host of different materials undergoing various types of(l), it became important to establish the detailed spectral
phase transitioA.Among these are UP and members of theform of the bulk, dynamic, antiferromagnetic correlations
uranium monopnictide family. over a similar temperature interval. To this end we report on

UP has been chosen for this study in preference to thboth elastic and inelastic neutron-scattering measurements
other monopnictides since, despite the difficulty in preparingundertaken on this material. The experiments were carried
single-crystal samples, it gives no evidence, neither in it®ut on the same single crystal as used in the magnetization
bulk properties nor in magnetic diffraction data, for an in-and x-ray-scattering studie®0 mg, which is important
commensurate precursor magnetic phase abiqué® The since several authors have indicated a sample dependence
type-I antiferromagnetic order, which occurs in the three do-associated with the observation of the two length scale
mains consistent with the cubic symmetry of the NaCl strucphenomenon?**
ture, has a propagation vector along equival@@1] direc- The summary of the paper is as follows. In Secs. Il A and
tions with the magnetic sublattice moments parallel to thdl B the wave-vector dependence and energy dependence of
propagation vector. That is, the antiferromagnetic state corthe scattered neutron spectra are discussed, respectively.
sists of alternate sheets of ferromagnetically aligned moAbove Ty, we find a response consistent with that antici-
ments, wherein the moment direction is perpendicular to thepated from thermodynamic, bulk fluctuations. This is in
sheet and parallel to one of the original cubic axes. We notsharp contrast with the observations by magnetic resonant
parenthetically that, although the phase transition must b&-ray scattering reported i) whereonly that domain with
accompanied by a tetragonal distortion, in practice it is sanagnetic sublattice polarization parallel/antiparallel to the
weak that one may continue to use cubic indexing in discussample surface normal was seen to give a signal abgue
sion. Parenthetically, we note that beloWy the magnetic x-ray

In our previous resonant magnetic Xx-ray-scatteringscattering(l), in common with the neutron investigations re-
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FIG. 1. An example of the two-component line shdjpewave E 0.1 3 E
vectop at the(120) position seen in the vicinity of . Data is the |5 . gg . 3
difference of the elastic scattering at 120.87 K and 200bkck- 00l £ oo ® ae® ]
ground taken with incident neutrons havidg=1.55 A~L. R C WD Coch OB % E
ported here, gave magnetic reflections from domains with 0.001 S
propagation vectors both parallel to the sample surface nor- 120 120.5 121 121.5 122

mal and domains where the propagation vectors lie perpen-
dicular to the sample surface normal. Furthermore, in com-
mon with the x-ray studied), a region of complex behavior FIG. 2. The widths in reciprocal lattice unitsl.u.) of the wave-

is found in the vicinity ofTy . For the sake of discussion, we vector dependence of scattered intensity at(189) reflection as a
define a low-temperature reginie<120.8 K, a transition re-  function of temperatureT) obtained on two separate spectrometers
gime around the nominaly of 121+0.2 K, and a high- at two different incident wave vectors. The filled and open symbols
temperature regimé>121.2 K. refer to data from DN1 at Siloe, CEA, Grenoblek; (

In Secs. lll and IV we bring together information gathered=2.662 A™1), and IN14 at ILL, Grenoblek;=1.55 A~1), respec-
from bulk magnetization and the neutron and the x-ray techtively. In the upper panel the experimental widths are showrQ¥or
nigues. There prove to hiree characteristic length scales. parallel to the antiferromagnetic propagation vector. For tempera-
The sharp component, seen both in x-ray and neutron scaires in the vicinity ofTy (121 K), the widths of both of the two
tering, is related to bulk antiferromagnetic order; the broadgtomponents to the line shape are given. In the lower panel, widths
component, observed by neutrofthis papey, arises from are given as measured in the Qirection perpendicular to the sublat-
thermodynamic fluctuations, and the near-surface, domaific® moment and in the scattering plane.

sensitive, broad component, characterized previously in reso-

nant x-ray-diffraction experiments, appears to be driven b)phase transition to the paramagnetic state took place without

the break in translational symmetry associated with theobservable hysteresis over the temperature scale of our mea-

sample surfacgsee also the discussion (h]. As derived in surements(temperature resolution and reproducibility esti-

(1), there may exist a relationship between the value of themated at0.1 K. around 120.)K . .
The magnetic response in the transition regime afqut

near-surface driven correlation length and the thermody\-NaS then measured. As anticipated. the intensity was cen-
namic correlation length. ' P ' y

tered around those points in reciprocal space that were, at
low temperatures, the antiferromagnetic zone centers. In this
Il. EXPERIMENTAL TECHNIQUE AND SUMMARY interval one has a two-component line shape in wave vector,
OF RESULTS Fig. 1. The sharper and more intense component of which,
within the resolution of the spectromet@stimated recipro-
cal space resolution FWHM0.007 A™1), has no change in
Two sets of neutron-scattering experiments were perlinewidth from lower temperatures, appears to correspond
formed on two different triple axis crystal spectrometers, thewith regions of long-range order. The weaker broad compo-
DN1 spectrometer at the Siloe reactor of the Centre d’Etudesent in turn merges smoothly with the quasielastic magnetic
Atomique (CEA), Grenoble, and the IN14 spectrometer atscattering at high temperaturéthe energy dependence is
the Institut Laue LangevifILL ), Grenoble, France. discussed belowand is identified with the thermodynamic
First, using a well-filtered incident beam of wave vectorfluctuations. The widths in the wave vector of the broad,
2.662 A~1 with the spectrometer centered at the elastic poquasielastic component, extracted from the data in the vicin-
sition [energy resolution full width half maximurtFWHM) ity of Ty, are shown in Fig. 2 for the two directions, one
0.56 me\] at low temperature in the antiferromagnetic parallel and one orthogonal to the direction of the sublattice
phase, we established the presence of the three type-l antiragnetization of the low-temperature domain. The measure-
ferromagnetic domains of the NaCl structure. The domainsnents, made on the two spectrometers at two different inci-
were found to be approximately equally populated and thelent wave vectors, 2.662A& and 1.55A! (energy

T (K)

A. Wave-vector dependence of the elastic neutron scattering
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30 L i incoheren{elastic resolution limitedscattering. Counting time was
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§ 20 - i tigation and supports the interpretation(if that neither of
E the “two length scale” components observed in magnetic
x-ray-scattering diffraction profiles may be directly identified
10 - y with the thermodynamic fluctuations.
As in the interpretation of the x-ray-scattering data, it is
0 , , , . , convenient to discuss the reciprocalgpividths in terms of
04 06 08 10 12 14 16 the number of antiferromagnetic layers, one unit antiferro-

magnetic layer being taken to have the chemical cell spacing
and consisting of one sheet of up-spin moments coupled to
FIG. 3. The highly anisotropic line shape in wave-vector spaceone sheet of down-spin moments. The inverse widths of the
at the (120) position seen al =121.4 K (aboveTy) in UP. The h scans af120) correspond with the number of correlated
directionh lies parallel, antiparallel to the low-temperature sublat-layers in the direction parallel to that of the low-temperature
tice magnetization directions. The directirlies in the scattering sublattice moment. This number is approximately two anti-
plane and is orthogonal to the directibn ferromagnetic layers in the temperature range abbye
That is to say the antiferromagnetic fluctuations consist pri-

resolution FWHM 0.11 meV and reciprocal space resolutior{ﬂnarily of bilayer_s and trilaygrs even in the immediate vici_n-
~0.004 A~ 1), are represented by the filled and open circles,Ity of T’\." No evidence for d|vgrg|ng bulk antlfgrromagqetm
respectively. The agreement is good and confirms that th(éorrelanons has been fouqq, in agreement with th? d|s_c0n—
neutron spectrometer energy resolution is sufficient to intelINUOUS nature O.f the transition. In the orthogonal direction,
grate over the fluctuations, at least up to 121.5 K. At higherIhat s, lying W|th|n_a ferroma_gnetlc_sheet, t_he neutrons sense
temperatures our energy resolved studieslow) indicate bulk thermodynamic correlations with a typical spatial extent
that the fluctuations have an energy spread substantially bé’]c some 30 cells.
yond that of the resolution & =1.55 A~1, and under these _ _ o
conditions the integration technique would fail to extract re- B. Energy widths of paramagnetic excitations
liable g widths. However, fok;=2.662 A™1, the integration Experiments were also undertaken to examine the energy
technique should be reliable up to approximately 130 K. dependence of the neutron-scattering intensity by antiferro-
The broad wave-vector component that continues aboveagnetic fluctuations abovéy. A weak signal was ob-
Ty has typicalg widths, respectively, one and two orders of served in addition to the intensity coming from incoherent
magnitude larger than thggresolution for directions parallel elastic scattering. This weak scattering is within the resolu-
and perpendicular to the domain propagation vector, Fig. 3tion centered at zero energy and of Lorentzian line shape in
This broad response has been measured for points relatedttte energy transfer; see Fig. 4. The inelastic response was
all three domains and yields similar results. This observatiomeasured at the wave vector corresponding with that of the
alone is in stark contrast to the results(bfwhereonly that  low-temperature antiferromagnetic zone center and followed
domain with magnetic moment polarization parallel to theup in temperature to 130 KFig. 5. Above this temperature
sample surface normal was seen abdye Thus, in the the scattering was very weak, although some signal persisted
temperature interval where the near-surface antiferromage around 150 K where it became indistinguishable from the
netic correlations as measured by x-ray scattering are domahigh-temperature background scatterifi@ta taken at 200
orientation sensitive, the bulithermodynamig correlations  and 300 K show no measurable difference
measured by neutron scattering occur equally for all three As seen in Fig. 5, the measured energy linewidth, or
domain polarizations. This is a primary result of this inves-inverse relaxation time, decreases as the temperature is

h (r.lu.)
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0.6 T T T T able to distinguish the two effects in these experiments.
= UPatQ From the wave-vector—dgpendent. studiEggs. 2 and 3 _
§ afm {» T one knows that the magnetic fluctuations of the paramagnetic
& {} phase in the vicinity off y have condensed to form spatially
8 o4t N extended sheets of ferromagnetically aligned moments that
R % $ are coupled together in magnetic bilayers and trilayers. The
< relative values of the intraplane to interplane coupling asso-
= 3 ¢ ciated with these layers may be estimated with a simple
o2 | @ . mean-field model.
One imagines the “up”- and “down”-spin sheets as two
T Y S B S sub-systems with magnetizations bf; and M,, respec-
tively. For an interplane coupling, one has
% M1=x1(H+JIMy)
E 047 1
P and
=
£ % b M2=xo(H+IMy),
g 0.2 1 % $ i whereJ (positive augments) M, and decreases the effective
g ¢ field on M. For theM, sublattice,J M; acts in a similar
& way. Since the two subsystems are identical, this gives the
0 bt e e e bulk susceptibilityx(0) and antiferromagnetic susceptibility
120 122 124 126 128 130 132 X(Qafm) as
T (K)
_ 2x; Xi
FIG. 5. The temperature dependence of Lorentzian energy half- x(0)= 1—Jv. and x(Qafm) = T+3v.’
widths and inverse magnetic susceptibility@f;,,, measured on Xi Xi
IN14 at ILL, Grenoble k;=1.55 A"1). respectivelyy; is the susceptibility of one of the subsystems.

One sees that the divergence gfmay drive the antiferro-
lowered, extrapolating to a finite limit aky. In a similar ~magnetic susceptibility critical beforg, itself for an appro-
manner the inverse of the intensity of the scattering falls to griate value ol (negative. In a mean field picturg; may be
finite value atTy when proper account is taken of the de- represented in Curie-Weiss form
tailed balance and kinematic factors in the cross section.

Thus, the behavior of the inelastic component is just that __ Xo
anticipated for thermodynamic fluctuations on approaching a Xi 1-Joxo’

discontinuous phase transition where both the susceptibili%here\] gives a measure of the Curie-Weiss divergence
0 = .

and c_or_relatlor_1 length saturate on approacting . . From the bulk susceptibility, Fig. 6, one estimates the diver-
This inelastic response was seen at those reciprocal lattice

points that would eventually become antiferromagnetic zon ence 0fx(0) around 20 k=0 while x(Qq¢y) diverges at

centers belowTy, having a magnetic propagation vectpr 21 K=Ty. The condition of divergence of the staggered
Ny T 9 9 bropagatior susceptibility aflTy and the unfulfilled divergence of the bulk
not parallel tok; —k;=Q, wherek;, k; are, respectively, the

incident and scattered wave vectors. In contrast, for a reci curie-Weiss susceptibility yields an estimated ratio of cou-

rocal lattice point wherg would lie parallel toQ, no quasi- pling constants of
elastic intensity was observed. Given that in the ordered state ~J Ty-0
the time-averaged moments lie parallel/antiparallel to the -—= ~0.57,
magnetic propagation vectgy, and that the cross section is
sensitive to the transverse component of the magnetizatioindicating the relatively stronger internal sublattice coupling
as expressed through the vector productQ, it would ap-  associated with the ferromagnetic sheets.
pear that the fluctuating moments in the paramagnetic phase We consider now the difference between the broad com-
have no significant transverse components. ponent of scattering observed in the vicinity f in the
previous x-ray experiments, and the scattering from bulk
thermodynamic fluctuations identified here. We return to the
Ginzburg-Landau model developed (h, which takes into
The combination of the wave-vector-dependent and enaccount both the discontinuous nature of the phase transition
ergy resolved studies indicate the presence of strongly polagnd the surface perturbation. This model demonstrates that,
ized, longitudinal, fluctuations that exhibit the characteristicalthough physically distinct, there should exist a numerical
response of bulk thermodynamic modes. Given the antiferrelationship between the value of the near-surface driven cor-
romagnetic structure, such longitudinal fluctuations in therelation length perpendicular to the surface, and hence per-
paramagnetic state, as inferred from the measured scatteripgndicular to the sheets of ferromagnetic order, and the cor-
amplitude, may arise either from fluctuations in the localresponding thermodynamic correlation length. Explicitly,
magnitude ofM or from a fluctuating correlation length in one has for the model considered(ln a free energy of the
the ferromagnetically aligned sheets of moments. We are urform

Ill. DISCUSSION
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Experimentally, the number of antiferromagnetically corre-
lated layers perpendicular to the near surface observed by the
x-ray technique is approximately 4 unit cells or 8 magnetic
layers. This is a low multiple of the estimated number of
thermodynamically correlated layers in the equivalent direc-

% (Q=0) (g/emu)
3

0..'fl.l....l....|..‘.|H.‘|---» . . R . . i g .
tion, the thermodynamic bilayers and trilayers identified in
0 50 100 150 200 250 300 this neutron experiment. The temperature dependence of the
T & thermodynamically correlated and near-surface layers are

FIG. 6. The temperature dependence of bulk magnetic suscept!SO different. Taken over the temperature range 12ITK
bility measured on the sample used in these experiments. The dafal30 K, one sees that the near-surface correlations as mea-
were taken in a commercial squid magnetometer of the “Quantum”sured by x-ray scattering arise from a correlated moment that
design at the CEA, Grenoble. The applied field of 500 G used S approximately constant over this intery&ig. 12 in Ref.
these measurements was approximately parallel to a fourfold axis &) while the inverse susceptibility that falls continuously on
the crystal. From the high-temperature behavior, one extracts approachingl’y (top panel, Fig. bis indicative of continu-
Curie-Weiss moment of 3u4; per uranium atom and a Curie-Weiss ously increasing magnetic correlations. The numerical differ-
temperature of 20 K. The estimated error in a given data point ince in the correlation lengths observed by the two tech-
approximately represented by the size of the symbol. niques, their different temperature dependencies, and the

domain selectivity in the x-ray cagb and not in the neutron
o measurements, suggest that there really is a difference be-
F=J dz(f,+fg), tween the two broad components. Although one may see
0 two-component line shapes in both neutron and x-ray-
scattering experimeni§-ig. 1, this paper, and Fig. 5 in Ref.
wheref, is a bulk contribution chosen to yield a first-order 8), they represent, on the one hand, the bulk thermodynamic
transition andfg is the surface induced contribution. This fluctuations and, on the other, a surface stimulated correla-
leads to a spatial dependence of the near-surface magnetizan length.
tion (z is the distance down from the surface into the bulk

o o T Te T-T" i IV. CONCLUSIONS
m(z)“=m T, 1+ T*—_Tcsmh(2z,<+AS) ,

It has been shown that bulk antiferromagnetic fluctuations
in UP occurring abovél'y have the character expected for
whereT* and T, are the critical temperatures of the model. thermodynamic modes corresponding to a discontinuous
T* corresponds with the temperature at which the free enphase transition. The modes have a lifetime that increases
ergy passes with its minimum at finite sublattice magnetizabut remains finite on approaching the antiferromagnetic
tion through zeroT, is the point at which the stable state is phase transition and, in a similar way, the real-space corre-
one of finite sublattice polarization. The scaling parametefation volume associated with the dynamic fluctuations re-
m* is the value to which the sublattice magnetization jumpsmains finite on approaching the phase transition. These
at T* in those regions that transform anmdis the inverse behaviors are consistent with elementary pictures of discon-
thermodynamic correlation lengtfthat may be estimated tinuous phase transitions. The lack of an observable scatter-
from the top panel of Fig.)2 ing intensity for fluctuations transverse to the eventual do-
The quantityASin the above equation and defined below, main sublattice moment direction, and the extreme
sets the length scale for the near-surface correlations ianisotropy of the measured response in the wave vector, re-
m(z). The possibility to have a plateaulike regionni{z) at  flect the anisotropy between the intraplanar and interplanar
a given temperature above the bulk phase transition temperaeupling. In summary, it appears from the neutron-scattering
ture, as observed in the x-ray-scattering experiments, dework reported here that, over the measured temperature re-
pends on the quantithS being negative. The spatial extent gime, the thermodynamic fluctuations in the paramagnetic
is given in magnitude aS times the thermodynamic cor- state consists of finite lifetime two-dimensional sheets of fer-
relation length. From the explicit equation f&lS, one sees romagnetically aligned moments coupled together in bilayers
that the closefT approaches t@*, the more negativS  or trilayers.
becomes, and hence the larger the region of delocalized or The observation that the dynamic neutron-scattering re-
near-surface magnetization. This behavior is distinct fronmsponse abové&y peaks, in wave vector space, in the vicinity
that of the bulk fluctuations, the correlations of which satu-of all three low-temperature antiferromagnetic zone centers,
rate on approachingy . Explicitly, the model expression for is significant. This is in contrast to the behavior of the anti-
the parameteAS is ferromagnetic near-surface correlations observed by resonant
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X-ray magnetic scattering whemnly scattering from that bulk thermodynamic fluctuations and a surface stimulated
domain with magnetic moment polarization parallel to thecorrelation, respectively.

sample surface normal was seen abdye This observa-
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