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Concentration dependence of critical scattering from C(V) alloys above the Nel temperature
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We have measured triple-axis neutron scattering data for a single crystabk@.%at. % V, in the para-

magnetic state above the &ld@ransition. The data are well fit by a critical magnetic scattering model involving

a form of critical susceptibility proposed by Sato and Maki, and the results compared to those for single
crystals of chromium and G10.2 at. % V. All of the results are generally consistent with a critical exponent
v~0.7. Magnetic stiffness evolves smoothly over the range of alloy concentration studied, but the amplitude
scale of the critical fluctuations is more complicated, dropping by more than a factor of 2 between pure
chromium and 0.2 at. % V, the region of the magnetic tricritical point and onset of local moments, but then
changing little between 0.2 and 0.5 at. %[\$0163-18207)02618-0

[. INTRODUCTION a small amount of manganese sends the wavelength of the
incommensurability to infinity, creatingsimple antiferro-
Chromium has a simple bcc crystal structure, yet displaysnagneti¢ “commensurate SDW” ordering with a continu-
complicated magnetic behavibdWhen cooled through the ous transition at considerably highEy . The critical behav-
Neel temperatureTy) of =311 K it enters an incommensu- ior of the magnetic excitations observed by neutron
rate spin-density-waveSDW) state in which the polarization scattering near that transition was clearly establistiédter
is transverse to the incommensurate-ordering wave vectoit, was found that the addition of small amoufisss than 0.2
Q,, down to a spin-flip temperature 6£123 K, below at. % of vanadium to chromium, slightly decreasing the
which the polarization is longitudina@), is directed along a wavelength of the incommensurability, reduces the first-
cube axis, and the incommensurability is attributed to theorder jump to zero, leaving a true continuous transitioot
magnetic interaction between conduction electrons on nearljst a disorder-broadened first-order pite the incommen-
parallel pieces of the Fermi surface, which nest when transsurate SDW-? This indicates that there is a tricritical point
lated throughQ,.? This makes chromium an “itinerant” on the Nel transition line of the alloy magnetic phase dia-
antiferromagnet. The characteristics of the magnetic orderingram between zero and 0.2 at. % V.
change rapidly when alloyed with other elements, providing We began to study triple-axis neutron scattering near the
a rich array of magnetic properties to stuthjttention has  continuous Nel transitions in dilute Q) alloys, because
naturally focused on the alloys of chromium with vanadiumthese continuous transitions should have truly critical fluc-
and manganese, adjacent elements in the periodic tableuations and correlations associated with them. We have pre-
These cause the gentlest disturbance to the band structuréously published briefly on a comparison of single crystals
and in a first approximation, simply move the Fermi levelof Cr+0.2 at. % V and pure chromiufi.In those publica-
down or up>® tions, we argued that all the elastic and inelastic scattering
The weak first-ordefjump) transition at the Nel tem-  observed immediately abovig, in both sampless consistent
perature of chromiuthhas made it difficult to interpret what with critical scattering associated with a second-order transi-
appear to be critical phenomena that normally would only bdion of an itinerant magnet. The only modification of the
associated with a continuous transittoAmong other things, standard form of critical generalized magnetic susceptibility
magnetic excitations have been observed near and abowermally used for commensurate ordering is the replacement
Tn by neutron scattering: well defined but not well under-of the standard second-ordéeading term polynomial for
stood “Fincher-Burke” excitatiorfspersist up toly with, if ~ the “self-energy” of a fluctuation as a function of wave
anything, increasing intensity with temperature, but are novector with a fourth-order polynomial suggested by Sato and
seen in the paramagnetic phase, and a broad spectrum Maki® that more correctly represents the symmetry around
scattering appears ag, is approached from below, which the nearby commensurate (100) position. This is necessary
persists to temperatures far above the transitidhis latter ~ when the ordering wave vector is so close to commensurate
was shown recentl to originate at all six satellite positions that fluctuations associated with distindbut symmetry-
(including “silent” satellites even in a sample having a related ordering wave vectors overlap with significant inten-
single-SDW wave vector. sity at (100. This report extends this analysis to measure-
It has been known for some time that the addition of onlyments on a single crystal of €0.5 at. % V.
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To be able to compare the intensity of observed scatteringommensurability” <1 rlu (reciprocal lattice unjt as are
between samples, and thus to determine changes in intensitye other symmetry-related ordering wave vectors:
of the critical scattering with changes in vanadium content(1+ §,0,0), (1+6,0), and (1,0+6), in other Brillouin
absolute intensities of scattering from these samples in theones. Symmetry constraints apply to fluctuations on and
apparatus were determined by measuring the known crossear the zone boundaries which are ignored by the isolated
sections per atom for phonon scatterimgar nuclear Bragg model. Sato and Makinoted that the sixfold symmetry
peak$ and incoherent elastic scatterif@t positions remote around the (100) position can be properly represented by a
from both nuclear structure and magnetic ordering peaks fourth-order polynomial foR(Q) that can only be expressed
For each sample, the two cross-section measurements gagienply in terms ofgq’ =Q—(100), whence
essentially the same normalization factor for converting
counts per neutron exposure to cross section per atom. We  R(Q")=\4[(|q'|?>— 8%)%+ )\2({q)’(q}’,}2+{q3’,q;}2
do not see any practical way of defining a physically signifi- 2
cant yet model-independent “intensity of critical scattering” +{a;09)1, @

that can be compared between samples of different compQynere) , is a scale factofwhich can be absorbed into other

sitions. ~ The Sato-Maki ~model (descritz)ed beloW  scale parametersand A, provides the cubic anisotropy
temperature-independent intensity sca(€/r®, however, o nq (100). This is the simplest such polynomial possess-

drops by more thg” a fack;tor of 2 between purel chromhium aNfhg such desirable features as only squares of components of
Cr+0.2 at. % V.” yet then, as reported below, changes .~ it respect to the cubic axes, continuous derivatives

hardly at all between the latter and €0.5 at. % V. This  5.555 (100), and zeros at the six satellite positions. Assum-
behavior is not yet understood. ing R(q’) isotropic for small deviations from any one of the
six minima requires\,=4. Then\; can be chosen to be
Il. THEORY 1/(45%) to makeR(Aq’)=|Aq’|? for small deviationsAq’
. : . from any minimum. This Sato-Maki model did fit our Cr
In the triple-axis(energy-resolvedcross section for mag- +0.2 at. % V and pure chromium data w&liin spite of the
netic scattering of thermal neutrons from the electrons in Ei‘attér’s Weak first-order transition. To our knowledge, our
fsfamplel,“ using the critical generalized susceptibilit_y of an application of this model to chrorﬁium and @ alloys is
itinerant-electron sysj[em at .tempera't'uTeapproachmg a the only unified and simultaneous analysis of both the static
s_econd-order magnetlfsordermg transition f_rom above, as d‘;"a'nd dynamic critical magnetic correlations accessible in neu-
rived by Izuyameet al.,™ the scattering function for momen- tron scattering near a magnetic ordering transition.
tum transferQ and energy transfeffw becomes There have been some reports that the magnetic scattering
in the paramagnetic state of chromium is commensurate dif-
S(Q,0,T)= N w fuse, or has a commensurate diffuse contributidine Sato-
Y (gyup)? | 1—exp(— A w/kT) Maki model described here has no independent commensu-
(x°Ir2)AZ rate part, but the strength of the scattering at the
% X (1) commensurate position relative to the incommensurate peak
AA(T)+R(Q) P+ 0? is energy dependenf?R(q’) has units of energy, and can
be considered to be the energy cost of creating a mode of
(see Sato and Maki whereN is the number of scatterers, wave vector’, relative to a mode at théncipient ordering
x° is the strength of the susceptibility of the electron gaswave vector. The relative energy of a commensurate mode is
without the interaction that causes the ordering, the range  A252/4 (for pure chromium, about 1.3 ThizFor energy less
of the interactionA? is the magnetic stiffness, «(T) is the  than this, the response at the incommensurate ordering points
inverse critical correlation lengttwhich should go to zero at js much stronger than at the commensurate position, but if
Ty as a power law with critical exponen), andR(Q) isthe  probed atws (A%25%/4), little difference can be seen between
real part of the self-energy of a fluctuation having wave vectommensurate and ordering wave vectors, and the scattering
tor Q (Ref. 13 and is a non-negative function that is zero atwill be broadly commensurate. Also, the spectrometer reso-
the ordering wave vectda®, . Note that in this formulation, |ution function must be folded with the cross section to pro-

x° cannot be separated from; together they form a duce the observed scattering intensity, as described below.
temperature-independent amplitude scale for the critical scat-

tering.

For a divergence poind, , isolated in reciprocal space, it
is appropriate to tak®(Q) to be the simplest possible poly-  The lozenge-shaped €0.5 at. % V single crystalap-
nomial, R(Q) = (Q—Q,)?. We attempted to fit this isolated- proximately 3 cnx1 cmx0.7 cm) was mounted in a cry-
singularity model to our original triple-axis neutron scatter-ostat on the N5 triple-axis crystal spectrometer of the NRU
ing data from the paramagnetic state oft@r2 at. % V, as a reactor at AECL Chalk River. §i11) planes were used as
sum of six functions like Eq(1) centered at the symmetry- both monochromator and analyzer, and a pyrolytic graphite
related ordering wave vectors, with unacceptably poor refilter was mounted in the scattered beam, which had a fixed
sults, because the singularities are in fact not isolated. Chrovavelength of 2.37 A. Data were collected near the (010)
mium and its dilute alloys are long-wavelength reciprocal lattice position in the (001) plane. Vertical slits of
incommensurate antiferromagnets. In reciprocal space, theeight 2.5 cm were mounted before the sample and detector
ordering wave vector @,,0,0)=(1—-5,0,0) is separated to limit vertical divergence to 1.0° and exclude direct scat-
from the commensurate (100) position by only a small “in- tering from the (0,1+ §) incommensurate SDW ordering

Ill. EXPERIMENT AND DATA
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positions above and below the spectrometer plane. In the 600 . . 30
paramagnetic state, however, scattering intensity centered on
those positions is diffuse, extending into the plane of the
spectrometer, and must be included in the resolution-folding g
analysis described below.

To characterize the spectrometer resolution, and allow ab-
solute intensity calibration, a number of control scans were
taken: constan® scans of incoherent-elastic scattering from
the sample and from pure vanadium mounted in place of the
sample, constar® scans of several low-energy phonons in
the sample, and elastic scans to determine the elastic half-
maximum ellipse (in the spectrometer plapeof the
(0,1- 6,0) magnetic Bragg peak ahtou K below Ty. This
latter is crucial in determining the in-plane “mosaic spread”
of the sample, without being misled by extinction in much FIG. 1. Part of a radial elastic scan across (0d0) at

stronger nuclear Bragg peaks. 262.30.1 K. The solid line is the result of the least-squares fit of

It_is_ not poss_ible to d_etermine the trans_i_tion tempera_turqhe resolution-folded Sato-Maki critical scattering model plus weak
by sitting at a single reciprocal space position and monitorjmy rity-phase Bragg scattering to all of the data at this tempera-

ing intensity as a function of temperature, because the poSsjyre, as described in the text. The dotted line shows the contribution
tion of most intense scattering is itself a function of tempera-s the impurity-phase Bragg peak.

ture. To determindy, short elastic scans through ordering

wave vector positions were executed while warming and .
cooling through the transition. During these studies, weal?lasuc’ constank, and constan@ data at 262.3 K1.2 K

additional Bragg peaks due to a small amount of an impurity"‘bove the transition In thosg figures, the left-hand scale is
phase were discovered at slightly smaller incommensurabilt® observed counts at the indicated neutron expospess
ity than the main magnetic Bragg peaks. While the mairtnit area, Whlle the right-hand scale is intensity normalized
incommensurate Bragg peaks disapped,at 261 K (leav- fto phonons m_the sample and valjadlum incoherent scatter-
ing diffuse paramagnetic critical scatterjnghe impurity- "9 The elastic scan peaks.g., Fig. 1 are broader than
phase Bragg peaks persist to at least 290 K, but are signifi-
cantly weaker there. The impurity-phase Bragg peak 200
intensity variation with temperaturd ( ;=293 K) and ; are
consistent with less than 10% of the sample volume being 150
chromium with much less than 0.2 at. % vanadium in it.

While the impurity-phase (10P)xxes were well aligned 100
with the main-phase (100) axes, the impurity-phase (010)
axes were tipped somewhat out of the spectrometer plane, so 50
that near (0,% 6;,0), the impurity-phase Bragg intensity was
approximately a factor of 10 weaker, and did not begin to
compete with even elastic critical scattering from the main
phase until more thm5 K aboveTy (as discussed belgw
All elastic scattering data for the critical scattering analysis
below were therefore taken near (f,&,0). Then the exis-
tence of the weak impurity-phase Bragg peaks complicates
the analysis, but it is still tractable when the temperature is
far enough belowTy ; that there is no significant impurity-
phase critical(diffuse) scattering intensity. Sequences of
short elastic scans across (8,&8,0) with small temperature
increments(warming and cooling indicated that the full
width at half maximum(FWHM) increased suddenly at
Tny=261.1+0.1 K, while the intensity evolves smooth(the
transition is continuoys

To investigate the complete energy-dependent critical - | o0
scattering a number of scans were taken at each of several 0.90 0.95 1.00 1.05 110
selected temperatures aboVg. At each selected tempera- Q, (1y)
ture, after a temperature equilibration time of order 1 h, ra-
dial elastic and constant energy transfer scans were taken g 2. Radial constar- scans, at the energy transfers indi-
through (0,1=6,0) and the commensurate position. SOMecated, across (0;15,0) and (010) at 262:80.1 K. The solid lines
constante transverse scans were also taken to control transare the result of the least-squares fit of the resolution-folded Sato-
verse resolution effects in fittingbelow). Additionally,  Maki critical scattering modelplus weak impurity-phase Bragg
constant) scans were taken at (010) and near thescattering to all of the data at this temperature, as described in the
(0,1-6,0) elastic intensity peak. Figures 1, 2, and 3 showtext.
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The lines are guides for the ey@he vertical lines show the
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FIG. 3. Constan® scans, at the positions indicated, at section was folded numerically with the spectrometer reso-
262.3+0.1 K. The solid lines are the result of the least-squares fit oflution in a least-squares fitting, in the manner of Ref. 14. For
the resolution-folded Sato-Maki critical scattering modelus  each temperature set, all data tak@astic and inelastjc
weak impurity-phase Bragg scatterngp all of the data at this were fit simultaneously. A separate Bragg scattering signal,
temperature, as described in the text. representing the impurity phase, was added to the critical

scattering model of the majority phase. The complete fit
Bragg peaks, and have weak shoulders on their mordunction also included independent terms for incoherent elas-
commensurate sides due to the impurity-phase Bragg scattefc scattering from the sample and energy-independent stray
ing. Similar scans at nonzero energy trandféig. 2) show random background. The results of the fit to the 262.3 K data
much broader peaks, with considerable additional observe@'® Shown as the solid lines on Figs. 1-3. The impurity-
intensity between the peakhat is, around the commensu- Phase Bragg scattering makes a noticeable contribution only
rate position. Much of this intensity is contributed by the [© the elastic scariFig. 1, where the dotted line explicitly
corresponding broad peaks above and below the spectromii®Ws it and even there it is small for temperatures near the
eter plane (0, ), critical scattering from which is col- Majority-phase transition. Sets of data at temperatures up to
lected between the in-plane incommensurate peaks by trfe/ 9-32) K were analyzed using this model, with consistent,
relatively poor vertical resolution which is a normal designreasonable re.sults. Data were also taken at 291 K, but fits of
feature of triple-axis spectrometers. the Sato—M§k| modgl to those data produced parameter val-
ues inconsistent with the values from lower temperatures.
Since this was only a few degrees below theeNeempera-
IV. ANALYSIS: RESOLUTION-FOLDED FITTING ture of the impurity phase, we concluded that critical scatter-
d’ng from the impurity phase had become strong enough to

The theoretical cross section must be convolute ; - . -
compete with critical scattering from the majority phase at

(“folded” ) with the spectrometer resolution function to pro- >~ ; ) . !
duce the “predicted spectrometer response” that can be dit-hls temperature, _makmg detailed analysis |mpOSS|bIg.
rectly compared to the data. The resolution function was cal- (;I' h2e Sato-Makl_ parameterszdeduc_ed from the f't.s are
culated by the method of Cooper and NathHres described (X /%), the amgl'tUde scalex”, the inverse correlation

in Ref. 14. The elements of the resolution function were!€Ngth squaredA”, the magnetic stifiness; andl the para-

determined from the mosaic spreads of the monochromatdpagnetic incommensurability. The results for the first three

(0.20°) and analyzer (0.15°), and collimator divergenceare summarized in plots versus measurement temperature in

angles in the horizontal spectrometer plane (O.73°-0.53°'-:higs's4’ 5 ans. 6, r%spl)ectivgly,l alodng with thﬁ resylts of fgtigg
0.56°-2.5°) and in the vertical direction (0.93°-1.2°-2.1°- the Sato-Maki model to similar data on chromium and Cr

7.1°). A sample mosaic spread of 0.20° provided the besrllf'LO'2 at. % V reported previousfy. Note that Fig. 5 is a

match between the calculated and observed half-height co Q_g-log plot W'th. respect 1o redu_ced temperature
tour of the (0,1 5,0) magnetic Bragg peak at 254 ® K 7=(T—Ty\)/Tn, While the other three figures are linear-
below the transition With this parametrization of the Cr scale plots versus absolute temperatétealues were con-
+0.5 at. % V experiment, simulations folding the resolution sistent with the WeIITknown trends pf that pa;;l?meter as tem-
function with the known dispersion curves of phonons inPerature and vanadium concentration are varied.
chromium produced good agreement with the observed
constantQ scans over phonons around (020) used for inten-
sity calibration. If the Sato-Maki critical scattering model is to be fully
To fit theory to the data, the theoretical Sato-Maki crossconsistent with the data, then the temperature dependence of

V. DISCUSSION
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by comparison with the critical variation of?. As can be
seen in Fig. 5, then, for each sampté,goes through orders

of magnitude change over the temperature ranges studied,
while 6 is known to decrease only slightly as temperature is
raised(as does the Bragg incommensurability bel@y).>>

We now see that there is also some temperature variation in
the susceptibility amplitude scaleg{/r?, Fig. 4 and stiff-
ness A2, Fig. 6).

Changing vanadium concentration shifts the Fermi en-
ergy, and thus the nesting, resulting in the well-known con-
centration dependence of the ordering wave vector arel Ne
temperaturé. Figures 4—6 indicate the effect of vanadium
concentration on the Sato-Maki parameters of the paramag-
netic critical scattering. Figure 5 actually shows that triple-
axis scattering is too slow in acquiring dataith today’s

FIG. 5. k2, the square of the inverse correlation length, deduced€chnology to be _900d for d_etermir_lation_ Of_the critical ex-
from least-squares fits of the Sato-Maki critical scattering model tdPonent TOVV- The line drawn in the figure |nd!cates a general
triple-axis neutron scattering data as a function of reduced temperdrend with slope(2v) near 1.4, but we consider this only a

ture for pure chromiunicircleg, Cr+0.2 at. % V (squarey and
Cr+0.5 at. % V(triangles. The line is a guide for the eyt has

slope 1.36.

the scattering should be almost entirely in temperature deable for

crude indication of the critical exponent. There seems to be
no distinction between pure chromium and+@.2 at. % V,
and the C#0.5 at. % V data, while displaced downward, are
consistent with the same slope.iAvalue near 0.7 is reason-

a magnetic system with three-dimensional

pendence ok, the reciprocal of the correlation length. In a interactions.’

commensurate ordering, the ordering wave vector, and hence In Fig. 4, the Sato-Maki model amplitude sca}@/r?,
the peak of critical scattering intensity, is perforce locked toafter dropping by more than a factor of 2 when 0.2 at. % V
the crystalline lattice, but in this incommensurate case thergas added to chromiurff,changes little with the further ad-
is no strong argument for fixing it in place. The critical dition of vanadium to 0.5 at. %, perhaps increasing slightly
analysis would be simpler if the paramagnetic incommensu¢uncertainty in the relative volume of the impurity phase in

rability 6 was fixed, but it is well known that the magnetic this last sample adds systematic uncertainty of about 10% to
Bragg incommensurability is temperature dependent right ughe statistical uncertainties shown for this sample’s ampli-
to Ty, and that is generally interpreted to mean that theude. This amplitude scale represents a combination of the
Fermi surface nesting responsible for the ordering is changstrength §°) of the magnetism upon which the ordering in-
ing slightly with temperature. If the temperature dependencegeraction builds and the range)(of that interaction, and is

of the nesting continues in the paramagnetic state, hen associated with the particular model @fandE dependence
should be temperature dependent. T8> andA?, which  ysed to analyze the data. It has been suggested that the rapid
may also depend on nesting, may also vary with temperaturgirop in amplitude scale on the first introduction of vanadium
These “nesting temperature dependences” are fairly gentlgs associated with the decrease in the nuclear spin-lattice re-
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laxation rate and the electrical resistivity, and perhaps also
with the recently discovered formation of local moments, in
dilute Cr(V) alloys1® Remember that the tricritical point also
lies between pure chromium and 0.2 at. %434nd so there

is scope for subtle effects to occur in this region.

Finally, Fig. 6 displays the magnetic stiffneadd, which
governs how broad in energy the critical scattering is, a prop-
erty that can only be measured in an energy-resolved experi-
ment. A%(T) roughly follows a straight line of negative
slope: As the sample N&temperature decreases, the energy
range of paramagnetic critical fluctuations becomes wider.
We expect this trend to continue to higher vanadium concen-
tration, even past the cutoff concentratilightly below 4
at. % V) whereTy goes to zero. Beyond that, no long-range
magnetic ordering occurs, but incommensurate magnetic cor-
relations (“SDW paramagnons) have been observed in a
single crystal of Ci#5 at. % V, and they extend to much

FIG. 6. The magnetic stiffnesa? deduced from least-squares higher energies than the data from the samples reported
fits of the Sato-Maki critical scattering model to triple-axis neutron here?>** While our current analysis cannot be extrapolated
scattering data at the temperatures shown in the samples indicatgast the cutoff concentratio(the interaction enhancement
The lines are guides for the eyghe vertical lines show the goes to zero as the ordering temperature goes to,zéme

samples’ respective Nétemperatures

similarity in the form of the observed neutron scattering
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across the cutoff strongly suggests that there should be Bhe magnetic stiffness appears to evolve smoothly with va-

common explanation. nadium concentration over the range studied, but the Sato-
Maki amplitude scale, after dropping by more than a factor
VI. CONCLUSION of 2 across the region of the tricritical poi(@nd the onset of

. . ) ) local moments between pure chromium and 0.2 at. % V,
Critical neutron scattering was observed in a single crystajhen changes little with the further addition of vanadium to
of Cr+0.5 at. % V, from neal K above the Nel transition .5 at. %. The similarity in the observed scattering in these
were fit well by a magnetic critical scattering model by usecommon explanation, but the current model requires that or-
of a form of susceptibility(originally proposed by Sato and gering occur, and so cannot be extended past the cutoff va-

Maki) that explicitly incorporates the symmetry around thepadium concentration where the SDW disappears.
(100) position that the nearly commensurate critical correla-

tions and excitations must respect. This model was previ-
ously shown to fit similar data from pure chromium and
Cr+0.2 at. % V. The results are roughly consistent with a  This work was supported in part by U.S. DOE Grant No.
critical exponent near 0.7, for the inverse correlation range. DE-FG05-88ER45353 and the NSERC of Canada.
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