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Longitudinal spin fluctuations in the nearly isotropic ferromagnet CdCr,Se:
Scaling behavior outside the critical region
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The uniform dynamics of nearly isotropic cubic ferromagnet G&Eyin the ordered phase is investigated.
It is found that the longitudinal susceptibility behavesyasw ™ * with p~0.28. The low-frequency crossover
to ™ ? dependence is induced by the internal magnetic fléjJd We attribute the observed anomalous
behavior to the influence of dipolar forces and propose a descriptigiwfH;) in terms of phenomenological
scaling.[S0163-182€09)50526-2

It is known that the absorption of a uniform external mag-the IRD, the former one resembles the behavior of suscepti-
netic field in a Heisenberg ferromagnet is absent. It stemility at the critical point® and means instability of the sys-
from the fact that the operator of the total spin of the systemem since it results in a divergence of the spin-spin correlator
commutes with the exchange Hamiltonian. The weak soK at large timesK (t—o)t”. Both these scenaridexcept
called relativistic interactionganisotropy, dipolar forces, for the casep;=1) should be regarded as anomalous be-
etc) violate the total spin conservation law providing uni- cayse usually for generalized susceptibilities one could ex-
form relaxatior: pectx' (w—0)~ xo and x"(w—0)= .

The uniform longitudinal susceptibility of the isotropic |, this paper we present experimental evidence that iso-

Heisenber_g fgrromagne'; V‘.’ith dipolar forces bel_d'\e/ has . tropic ferromagnets below. behave according to thiérst
been studied in Ref. 2 within a framework of the linear spin-g.enario - More precisely: thieleal infinite isotropic ferro-

wave theory(LSWT), i.e., with only two-magnon intermedi- magnet aH, =0 would be in a “critical” state at any tem-

ate states taken into account. At finite temperatures the sus—e rature. Inreal materials the anisotrony and the finite-size
ceptibility in zero internal fieldH; demonstrated an infrared P ' Py

- : ffects cut off this divergence.
divergence(IRD) of the form y(w—0)xiT/w. At H;#0 € .
one has a threshold fo’(w) atf w=2gugH; (the minimal We studied the low-frequencyof2m~10°~10° Hz)

energy of creation of two magnonand ae~* dependence uniform longitudinal susceptibility of a nearly isotropic cubic

at 2 H <ho<odS). Here wa=41r 2,"1 is the ferr_om_agnet C_ZdC;nSe4 (T.~128 K) in weak external mag-
charga/étBerilstic dipolzgf gnerg%S) 2 the (n%gaB% aomic spin, netic fields using both the resonance and the phase methods.

gug andu, are the effective magnetic moment and the voI—-Ehse2 rlze?:urgtrjrgseigtj thr;azzticg??{a] igﬁr;?armeit :crrlgsltjl)é'll;_at
ume per one magnetic atom, respectively. N e 9 8 9

The mentioned IRD originates from specific “weak” vio- cies higher than the two-magnon threshold we observed a

lation of the total spin conservation law by dipolar forcespowerllke behavior of x(w) with the exponentp(T

upon which the number of magnons in an elementary scat-. 82 K)=0.28£0.02. This exponent is found to be slowly

tering event may change while the magnon spectrum remain\g’ml”n.g V&"t? T W N q Sbhom th.a'f[ the Icharact?'nsft_lcldfreqchie'rclicy
gapless. Note that the ! singularity is a nonphysical one scalé IS determined by e Internal magnetic lield and iden-

since it leads to a nonzero value of the absorption functiorli"cy the principal relaxation mechanism as the spin-wave

7 . . . . .
" . one! A description ofy(w,H) in scaling terms is also pro-
Sw“zx f(“;()j at w=0 and thus the sample would be heated,,, 0.y \ye argue that there exist other Bose systems with a
y a dc held. “weak’” violation of some conservation law which should

. 71 . . .
Meantime,w ™ - dependence has been obtained within theeXhibit an anomalous low-energy behavior.

LSWT. The intermediate states with a larger number of ex- We used a sample in the shape of a rifi§.4x ¢ 2.0x2.1

citations yield more 5"?9‘4'” contributions_mu). Hence, in mm®. The plane of the ring coincided with tfi#11] plane of
order to descnbg the limib—0, _the summing of a seneose of the crystal. Both the constant fielt|, and the alternating one
divergent Fer_ms is needed. This problem is not solvg yet'hocosm were applied along the ring. In such geometry the
hga:\rllfkré I;ulr?cggrt]ur;! to 'Ia'lesliiunmeir:?oatat:ceodﬁtsuz!\tn;\f"tit?j ines of magnetic field were closed, and the field was almost
pro erties ofy(w) one ((J:)én su gest tWo variants of t}/]e be_completely concentrated inside the sample. It allowed us to
E avFi)o r at _)g_w 99 observe extremely narrow hysteresis with the coercive field
o= H.~5 mOe. In order to avoid domain formation and to

0 YA ), 1 minimize nonlinearitied x(hy) dependendewe controlled
X(o=0)xo+ Allw) D e conditionsH ;> hy>H. .
Y(0—0)% xo— Ay( /i) ) Frequency dependence of both the imaginary and the real

parts of the susceptibility as well as of their ratid/y’
where x is the static susceptibility, ang,p; are real num- measured atl =8, 16, and 32 mOe is shown in Fig. 1. The
bers. While the latter scenario corresponds to elimination ofesponse is seen to be largé, ..~ 10%. Furthermorey’ ()
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FIG. 2. Top panel: circles correspond to frequency of maximum
in w dependence of” (which we associate with the characteristic
frequency scal€),) at various values of the external field. The line
is the fit by Eq.(4). Bottom panel: the log-log plot for the maximal
value of y'(w) versus the external fielgquares The line isH 1?2
dependence.

Frequency (Hz)

somewhat wider. We attribute this to the fact that actually
FIG. 1. Real(circles and imaginary(triangles parts of the lon-  the powerlike behavior occurs at=2gugH; /%, and in our
gitudinal susceptibility and their ratiGsquarey versus frequency experiment a small diminishing of the field in the sample
measured at various values of the external fidle-82 K). At high AH=5 mOe appears due to demagnetization and anisot-
enough frequencies the quantj§f/x’ is seen to be constant which ropy. WhenH, is large this diminishing is negligible while
agrees with Eq(1) and suggests the absence ogfaterm there. atH.=8 mOe it becomes significant.

Another peculiarity of susceptibility represented in Fig. 1
is a decreasing function whilg”(w) has a maximum in the s the presence of a broad maximum §6tw). It is natural to
considered frequency range. Note that the regief2m  associate the position of this maximum with the characteris-
~10°—10° Hz is usually associated with the asymptotic re-tjc frequency scald,. In Fig. 2a) we plotted the depen-
gime »—0 when one could expegt’~ xo and x"* . dence of(), on external field. We see th&l, is a linear

The most interesting feature g{ ) is seen atrelatively)  function of H, which can be written in the form
high frequencies. Figure 1 shows that within a wide fre-

guency range the susceptibility demonstrates a powerlike be- #Q0y~0.45ug(Ho— AH), 4)

havior and can be well fitted by E{L). The coefficientA in

this expression is found to ke independent whereAH is the quantity defined above. Hence, the s€ile
Equation(1) can be rewritten in the form is induced by thenternal magnetic field. Note that the point

Oo(H.=8 mOe) in Fig. 2a) lies higher than the straight
x(w)xxo+A|lw| P[cosmp/2+i sgnw sinmp/2]. (3)  line. Apparently, at such weak fields the coercivel(
~5 mOe) and the nonlineah{=7 mOe) effects already
The value of the exponenp(T=82 K)=0.28+0.02 ex- come into play.

tracted from the slopes im dependences of boty' and y’ The above consideration allows us to prove the principal
coincided with the one found from the ratié/x’ =tanwp/2.  statement of the present work. Indeed, we have shown that
It means that the terny, in EqQ. (3) can be omitted. the low-frequency crossover to the™” dependence is in-

Methodically, the frequency range in our experiment hasduced by the internal fieltl; . Then in the ideal situation the
been limited from above ab/2m~1 MHz. We believe that susceptibility atH.=H;=0 would reveal the “critical” be-
the samean ™ ” dependence of the susceptibility takes place ahavior up tow=0, i.e., the magnetically ordered state would
higher frequencies as well. On the other hand, the region dfe unstable. In reality, the finite-size effects and the anisot-
this behavior expands to low frequencies with the decreasepy limit the value ofy(w=0) and stabilize the system.
of He. The dotted vertical lines in Fig. 1 mark the quantity =~ Our analysis demonstrates that the investigated longitudi-
2gugHe/h, i.e., the two-magnon threshold neglecting thenal susceptibility can be represented in the foyffw,H,)
difference between external and internal fields. Wt = xo(H;)F(w/Qq,H;/H;), with H, being some characteris-
=32 mOe the region ofv™”-dependence is limited from tic field scale; however, the dependence of functioron
below by w=2gugH./% while at lower fields this region is its second argument in the considered range of parameters
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FIG. 3. Field dependence of (solid symbol$ and x” (open  judge confidently about the value of the characteristic field
symbol$ measured at frequencies 9 KHgircles, 30 KHz  H, and we can only conclude that it apparently exceeds 100
(squares and 94 KHz(triangles. mOe.

The complex of measurements reported above have been
is quite weak. Hence, let us for a moment neglect it. Therperformed aff=82 K. We also studieg(w) at other tem-
the maximum value of"(w) will be determined by a field peratures within the interval 78 KT<T,. These data re-
dependence of the static susceptibilityxpa{He)  produce the main features of(T=82 K) including the
x xo(Hi)F"(1)*xo(H;). In Fig. Ab) we see thalyp., be-  principal fact—existence of a wide frequency range with a
haves as a power ¢1, (again, the deviations appear only in powerlike behavior of the susceptibility. Furthermore, we

weak field$ with the exponent very close to1/2. It agrees  found!? that the dynamical exponeptvaries with tempera-
with both the theoretical prediction$and the experimental e (see Fig. 4 In particular, far away fronT, it slowly

measurementS for the longitudinal statispin-wavesuscep-
tibility, x5WecH; 2.

Until now we discussed mostly the cases )y and w
~Qq. Unfortunately, the regiom<(), cannot be analyzed
in detail with the use of our frequency measurements only. |
order to fill in this gap we investigated the field dependenc
of y measured ab/27=9, 30, and 93 KHz. All the curves
presented in Fig. 3 are decreasing functionggf At low

increases witil. WhenT,, is approached, the expones(iT)
demonstrates the tendency to saturafiand, possibly, to a
further drop inside the critical regipnOne can expect that
there exists a smooth crossover between our scaling regime
rlaking place far away fronT., and the ordinary scaling
%ehavior inside the critical region ne@g. The investigation

of the latter one is beyond the scope of the present study.

fields y' andy” decrease with increasing At high fieldsy’ Our dgta reveal that the effective anisotropy field in_the
ceases to depend anwhile the imaginary parts of the sus- sample did not exceed a few mOe. Unfortunately, no direct

ceptibility attain parallel powerlike asymptotes. The narrowMeasurements of the anisotropy constant for G8€yrin the
range of the high-field asymptotic behavior available experiStudied temperature interval are known to us. On the other
mentally allowed us only to estimate the character of suscegl@nd, the control experiment with yttrium iron gartgiG)
tibility decay. We found thay’«H %% and y"<wH 13in where this constant is definitely much larger than in
this region. It supports our assumption abeut; scaling CdCrSe, demonstrates thabsenceof scaling properties of
since we observeqt’ (w/Qy—0)— xo(H;) and x"(w/Q, the longitudinal susceptibility in the investigated range of
—0)—0. Also, the behavior of¢’ in high fields confirms parameters.

that we actually deal with spin-wave dynamics. We attribute the observed unusual behaviox6b,H) in
Our data can be summarized as follows CdCr,Seg, to the influence of dipolar forces. On the LSWT
level, the problem manifests itself as the IRRef. 2 caused
x(w,Ho)=xo(H)F(w/Qq,H;/Hy). (5) by (i) the magnon number nonconservation dmdthe gap-

~ N _ less character of the magnon spectrum. Meanwhile, the same
Here xo<H; * andQq=H;{ . The functionF has the asymp- ! divergence has been obtained for the staggered suscep-

totes tibility of the Heisenberg antiferromagniétwhere the mag-
non spectrum is also gapless and the staggered magnetization
F(x=>1y)oca(y)(i/x)?, (6) is not conserved. Also, the density-density correlator of a
weakly interacting condensed Bose-Einstein gaemon-
F(x<ly)<l+ia(y)x, (7) strates the same feature due to the nonconservation of a num-

ber of (off-condensate particles and the linear phononlike
with a(y)e<y*~*. The experimental values of the exponentscharacter of the excitation spectrdfh.
are found to bex=1.00+0.03, p=0.28+0.02, andu=0.5. Thus, there exists a class of Bose systems with the
Note that the casg=p would correspond to the typical situ- “weak” violation of the conservation law which exhibit the
ation of one-parametrical dynamical scalfigOur case is phenomenon of IRB® While the further scenaritthe elimi-
more involved due to the presence of the additional fielchation or the survival of the divergence @t-0) may vary
scale Hy; however, the valueu—p=0.2 is small and the from one system to another because of the different structure
“extra” field dependence of susceptibility appears to beof the interparticle interaction, the reminiscence of the IRD
quite weak(although visiblg. Our data do not allow us to should remain in all these cases as some kind of scaling
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behavior observable within a certain frequency interval. We The authors are grateful to D. N. Aristov, A. V. Chu-
believe that comparative studies of such systems could giveukov, S. L. Ginzburg, A. G. Gurevich, and N. E. Savitskaya
interesting results. for fruitful discussions. This work has been supported by the
In conclusion, we observed an anomalous low-frequencyrussian Foundation for Basic Researct@sant Nos. 97-02-
scaling behavior of the longitudinal susceptibility in a nearly 17097 and 96-02-1803Yand by the Russian State Program
isotropic ferromagnet CdG8e, outside the critical region “Statistical Physics” (Grant No. VIII-2). A.Y. thanks Nor-
nearT.. We attribute this behavior to the influence of the dita Baltic/NW Russia and the staff of Nordita for financial
dipole-dipole interaction. support and hospitality during his stay in Denmark.
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