
VOLUME 72, NUMBER 11 PH YSICAL REV IE% LETTERS 14 MARCH 1994

Polarization Dependence of the Dynamic Susceptibility Z"(m) in Chromium
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Neutron scattering measurements characterizing the polarization, energy, and temperature depen-
dence of the magnetic excitations of the longitudinally polarized spin density wave phase of chromium
are presented. Careful consideration of spectrometer resolution eff'ects has resulted in the first quantita-
tive expressions for the cross sections associated with the longitudinally and transversely polarized exci-
tations. These results, together with a simple parametrization of the dynamic susceptibility, Z "(t0)
cx:A(to)/t0, reveal a simple dependence of these excitations on energy at all temperatures below the

spin-Aip transition.

PACS numbers: 7S.2S.+z

Chromium's role as the definitive spin density wave

(SDW) system [1] has made it the focus of numerous ex-

perimental [2-6] and theoretical [7,8] studies over the

years. At the Neel temperature, TN =311 K, paramag-
netic chromium undergoes a transition to a transversely

polarized spin density wave (TSDW) phase. The wave

vector characterizing this SDW order, Q+ = (1 ~ 8,0,0),
reflects the nesting properties of hole and electron com-

ponents of chromium's Fermi surface and is incommensu-

rate with the underlying lattice. At the spin-flip teinpera-

ture, T,t-121 K, a second transition to a longitudinally

polarized spin density wave (LSDW) phase occurs. The
single spin domain associated with a given magnetic sa-

tellite (Slip+) in this phase allows a simple decomposi-

tion of the longitudinal and transverse excitation contri-

butions to the overall scattering intensity. Below we

present the results of measurements characterizing the

polarization, energy, and temperature dependence of the

excitations of the LSDW phase of chromium. Our focus

on the dynamics of the LSDW phase is largely motivated

by the unique role played by the longitudinal excitations

as to 0 in this phase. No other magnetic system has

evinced comparable excitations.
Efforts to measure the polarization dependence of the

SDW excitations of chromium were first made by Finch-

er, Shirane, and Werner [2]. This work focused on the

evolution of the longitudinal and transverse excitations

through the spin-Aip transition and at temperatures near

TN. At lower temperatures, the work of Burke et al. [3]
demonstrated that longitudinal excitations dominate the

low energy scattering in the LSD% phase. These mea-

surements also demonstrated that the scattering intensi-

ties associated with the longitudinal and transverse exci-
tations of the LSDW phase are strongly dependent on en-

ergy: Below hE-9 meV the longitudinal excitations are
dominant awhile the scattering at higher energies is in-

dependent of polarization.
This Letter addresses two major concerns: First, no

quantitative analysis has yet been performed to extract
the cross sections, 8 ts/8to80, and corresponding dynam-

ic susceptibilities, g", associated with the transverse and

longitudinal excitations of the LSDW phase, and second,

the temperature dependence of these modes has not yet

been studied in any detail.
The study of these dynamics is complicated, below TN,

by the cubic symmetry of chromium which results in the

formation of three magnetic domains. The scattering
from these multiple domains is very difficult to resolve as

the separation between the incommensurate magnetic sa-

tellites is comparable to practical vertical spectrometer
resolutions. However, single domain or single-Q samples

can be produced by cooling through Ttv with a sufficiently

strong magnetic field applied along the [100] crystal axis.
The elastic magnetic peaks arising from this single

domain are shown in the (hk0) scattering plane in Fig.
1(a).

The polarizations of the LSD% excitations are readily

determined by measuring the scattering intensities at

both (1~8,0,0) and (~8, 1,0) as the cross section for

the inelastic scattering of neutrons reflects only magnetic

Auctuations normal to the neutron momentum transfer,

tr k; =—k3. At (1 ~ b, 0,0), only fluctuations transverse

to the LSDW polarization contribute to the scattering in-

tensity, while the intensity measured at ( ~ 8, 1,0) reflects

both longitudinal excitations parallel to the LSDW wave

vector and transverse Auctuations perpendicular to the

scattering plane of Fig. 1(a). Hence the contributions of
the longitudinal and transverse fluctuations to the mea-

sured scattering intensities, neglecting variations in the

magnetic form factor due to slightly diA'erent momentum

transfers, can be expressed as

J(t + ~,o,o) -2IT I(+ s, t,o) =JI.+JT .

Care must be taken in correcting the measured scatter-

ing intensities for the effects of instrument resolution.

The high velocity, -850 meVA [9],of the SDW excita-
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FIG. l. (a) The (hkO) scattering plane of chromium. Scans
through (1 —b,0,0) measure only fluctuations transverse to the
LSDW polarization (2T), while the intensity measured at
(b, 1,0) reflects both longitudinal excitations parallel to the
LSDW wave vector and transverse fluctuations that are also or-
thogonal to the neutron momentum (T+L). (b) The ellip-
soidal neutron resolution function and the conelike excitation
dispersion in m-q space. (c) Resolution ellipsoids and spherical

q shells which contribute to the observed scattering intensity.
The ellipsoidal surface of the resolution volume represents the
Gaussian falloff of the scattering sensitivity to half of its peak
value.

AT,L(tu)
gr'. L(ta) ' b(a) —

cav) . (3)

Here coq is the approximation term mentioned above and
n(tav) is the boson occuPation number. This tavz aPProxi-
mation is valid at low energies; however, a significant
correction, 8(tav), must be applied at higher energies as
the size of the shell is not negligible compared to the q-

tions in chromium results in a very steep, resolution limit-

ed "cone" of scattering, emanating from elastic magnetic
satellite positions, as shown in the ta-q diagram, Fig.
1(b). The narrow momentum width of this dispersion
surface relative to the ellipsoidal resolution function re-
sults in a peak scattering intensity, centered at the mag-
netic satellite position, that reflects the entire range of q
values with excitation energies within the energy resolu-
tion of the spectrometer. These q values can be repre-
sented by a spherical shell in q3 space as shown in Fig.
1(c). The actual measured peak intensities are propor-
tional to the surface area of this shell, -qz. As shown

by Sinha et al. [9], the analysis of scattering data can be
simplified by incorporating this dependence explicitly in

the formulation of the scattering intensity. Assuming a
linear dispersion relation [10],ca& cc q, we have

IT L (n(re)+1) tavta(b'av),
Wr, L(tuv)

(2)
Nq

with
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FIG. 2. (I —b,0,0) and (b, 1,0) peak intensity data at T
100 and 10 K.

space extent of the resolution ellipsoid as shown in Fig.
1(c). For the spectrometer configuration used in this ex-
periment, this term amounts to 8(4 meV) 0.82 and d'(8
meV) 0.63. We note that the I/tu parametrization of
the dynamic susceptibility, Eq. (3), is the same as used in

the analysis of antiferromagnets with localized moments.
In the case of traditional antiferromagnetic spin waves,
the parameter Ar (ta) is a constant and AL(ta) 0.

In Fig. 2 we show (1 —b,0,0) and (b, I,O) peak intensi-
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FIG. 3. Thermally corrected (1 —b, 0,0) and (b, 1,0) peak in-
tensity data, I/(n (co)+ 11, at T 100, 80, 50, 30, and 10 K.
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ty data at T =100 and 10 K. These measurements are in

qualitative agreement with the original T=55 K results
of Burke et al. [3]. As argued in Eq. (I), the equality of
the scattering from these two satellites above hE -9 meV

implies that the intensities of the longitudinal and trans-
verse Auctuations in this energy range are equal. At
lower energies the intensity associated with the (b, 1,0)
satellite increases abruptly and peaks, in the 10 K data,
at h,E-8 meV. The smooth energy dependence of the

purely transverse, (I —b, 0,0), data argues that this dra-
matic behavior is entirely due to the energy dependence
of the longitudinally polarized excitations.

To study the dependence of the dynamic susceptibil-

ity, g", on temperature, the thermal factor of Eq. (2),
(n(co)+ I), was removed from the 10 and 100 K data of
Fig. 2 and additional, constant-Q scans at 30, 50, and 80
K. The resulting (I —b, 0,0) and (b, 1,0) peak intensities
are plotted in Fig. 3. These data clearly show that the
susceptibilities associated with both the longitudinal and
transverse fluctuations are independent of temperature.
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FIG. 4. The parameters AT, L(co) which characterize the dy-

namic response. The constant character of AT(co) indicates

that the transverse LSDW excitations have a simple ZY'(co)
—I/co dependence at all energies below t)E ~ 14 meV.

In particular, the h,E =8 meV energy scale defined by the energy dependence of the longitudinal excitations is a con-
stant characteristic of the LSDW phase of pure chromium.

Finally, Eqs. (1)-(3)can be inverted to extract resolution corrected longitudinal and transverse susceptibility parame-
ters as follows:

I() + s,o,o)
' I(+ a. (,o)

AT, L (coq) x ',
co, C(cov) (n(cov)+I) 21(+s(o) (T)

The parameters AT L(co), which characterize the dynam-
ic response, are plotted in Fig. 4. The constant character
of AT(co) indicates that the transverse LSDW excitations
have a simple gT'(co) —I/co dependence at all energies
below hE ~ 14 meV. As mentioned above, the spin wave

excitations of conventional antiferromagnets evince the
same behavior. This similarity is surprising as the sinu-

soidal spin modulation of chromium is physically quite
different from the constant, fixed moment character of
these systems. In contrast, the steplike behavior of
AL(co) has no magnetic analog. This sharp feature, and

the agreement of gL(co) and gT'(co) at higher energies,

suggest that the longitudinal susceptibility may be the
sum of terms corresponding to different, distinct underly-

ing excitation mechanisms. Recent additional data also

suggest that, at low energies, the energy dependence of
AL(co) may have structure in addition to the peak at
hE 8 meV.

We note that the analysis presented in this Letter has a
nontrivial dependence, via C(co), on the neutron resolu-

tion function. A forthcoming paper will address this issue

in greater detail. However, we mention that the incor-
poration of resolution corrections has been checked by
varying both spectrometer energy and collimation config-

urations. For instance, the T=10 K measurements of
Fig. 2, taken with a 40'-40'-40'-80' collimator config-
uration and a fixed, final energy of 14.7 meV, lead to re-

suits that are consistent with the 20'-20'-20'-40' data
presented in Fig. 4.

Our results stress the importance of characterizing the

energy dependence of g"(co) in terms of the parameter
A(co). As shown in Fig. 4, the removal of the I/co depen-

dence from g"(co) dramatically demonstrates the contrast
between the flat, conventional character of AT(co) and

the more exotic behavior of AL(co).
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