the considered case of a silicon MIS structure, the
difference amounts to 12 decades (the electrostriction
constant is of the order of 10~ cgs esu).
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Effect of pressure on the hyperfine magnetic fields at the
nuclei of iron impurity atoms in antiferromagnetic

chromium
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The pressure dependences of the hyperfine magnetic fields H at *’Fe nuclei in alloys of chromium with
alloys were measured by the Mossbauer gamma-spectroscopy method. Values AH/H Ap
=(—1.24-0.5)x 1072 and ( — 24-0.5)X 102 kbar~' were obtained for alloys with concentrations 1.5 and
3.5 at.%Fe, respectively. The values of AH/HAp are anomalously large and agree approximately with
the relative changes of the magnetic moments of the Cr atoms under pressure ApucpcAp. Doubts are
expressed concerning the model of H described in the paper of Herbert et al. [J. Phys. Chem. Solids 33,
979 (1972)]. An alternate mechanism for the onset of H is proposed, based on concepts concerning the

nature of the field at nuclei of nonmagnetic atoms dissolved in a magnetic host.

PACS numbers: 75.30.Hx, 75.50.Ee, 76.80. + y

Hyperfine magnetic fields at nuclei of impurity mag-
netic atoms in magnets are determined by the values of
the magnetic moments of the impurity atoms, the host
atoms, and the impurity-host interaction. Accordingly,
the resultant hyperfine field H should consist of several
contributions. The values and the signs of the individual
contributions to H cannot be predicted beforehand, since
the mechanism of the transport of the spin density from
the atoms of the magnetic host to the nuclei of the im-
purity atoms is not yet clear. Important information on
the role of the individual contributions to H is made by
experiments on the influence of the pressure on the hy-
perfine interaction in magnets with different types of
magnetic ordering. So far, however, the pressure de-
pendences of the hyperfine field H(p) at the impurity
magnetic atoms in monatomic antiferromagnets (con-
sisting of atoms of the same species) have not been in-
vestigated. The present study fills this gap in part. We
have investigated the H(p) dependences at *'Fe nuclei in
three diluted alloys of chromium with iron.

Metallic chromium can have an unusual variety of
magnetic structures, depending on the temperature,
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species, and concentration of the impurities.! Below
the Néel temperature T'y, =311 K, the magnetic moments
of Cr form spin-density waves that can be represented
in the form

P (z) =P,n cos Qz, 1)

where P(x) is the spin-polarization vector, n is a unit
vector along the polarization vector, Q is the wave vec-
tor and is parallel to one of the (100) directions in a bce
lattice, and z is the coordinate. The SDW are polarized
transversely (n*Q=0), in the temperature interval
Ty>T>Tg,, where T, ~122 K, and longitudinaly
(n*Q=q) in the region T<Tg,. At T <70 K we have

Q =0.951627/d (d is the lattice parameter) and in the
interval 70 K <T <T, the value of @ increases to

0.9626 - 27/d; the SDW length is then of the order of

20d and is not commensurate with d.

Introduction of the Fe impurity influences strongly
the magnetic properties of the chromium: T, decreases
by approximately 20 K per at.% Fe, T, decreases to
zero at 1.5 at.% Fe, and Q becomes equal to 27/d at a
concentration higher than 2.5 at.% Fe. The Fe im-
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purity ions are statistically distributed in the chromium
lattice. Iron concentrations 0.5, 1.5, and 3.5 at.%

were chosen in order to obtain at T =78 K all three
antiferromagnetic structures: transverse SDW (AF,),
longitudinal SDW (AF,), and the simplest (AF,) with

two magnetic sublattices.!

According to the measurements of the magnetic sus-
ceptibility,? the Fe impurity atoms in the investigated
alloys are paramagnetic and have localized magnetic
moments equal to 1.7, 1.2, and 2.2 u ; respectively.
The form of the Mdssbauer spectra at T =4.2 K indi-
cates that a set of hyperfine fields with mean value
~35 kOe exists at the ¥’Fe nuclei. These data agree
well with the earlier investigations.® ¢

A comparison of the results on the magnetic suscep-
tibility and on the M&ssbauer effect leads to a surprise.
The point is that usually the fields at the 5"Fe nuclei in
magnets at low temperatures are subject to the empir-
ical relation H~ 100 /1, [kOe]. Therefore if the
magnetic moments of Fe are strictly oriented in the
crystal lattice as a result of the exchange interaction,
then the expected value of H should be of the order of
150 - 200 kOe. But if the Fe atoms are paramagnetic,
then H should be zero. Thus, the experimental values
of H do not correspond to these extreme cases. To ex-
plain the anomalous values of H and their temperature
dependences, various mechanisms were proposed,*-
and the most detailed one? will be dwelled upon in the
discussions.

The purposes of the present investigation were the
following: 1) to study the singularities of the hyperfine
fields under pressure for impurity Fe atoms in a mona-
tomic ferromagnetic host, and 2) to attempt to explain
the cause of the anomalous value of H for *"Fe in chro-
mium.

The alloys were prepared in a vacuum arc furnace
and abruptly quenched from the melt. The components
were Cr of 99.99% purity and iron enriched with *'Fe,
The Fe concentration was determined by x-ray micro-
analysis with relative accuracy ~1%. The Mdssbauer
absorption spectra were measured with a single-chan-
nel spectrometer with a 5’Co source in Cr. The hydro-
static pressure was produced using a steel chamber
with beryllium windows for the passage of the x-ray
beam. The experimental technique is described in de-
tail elsewhere.” The measurements were made at 78
and 194 K, with the high-pressure chamber placed in a
liquid-nitrogen bath or in a mixture of acetone with
frozen CO,. The pressure was maintained accurate to
10.1 kbar. The mean values of the magnetic fields at
the "Fe nuclei were calculated from the measured
widths of the resonance spectra using the procedure
described in Ref. 8, and the accuracy with which
AH/H [AH =H(p) - H(0)] was determined was 5%. The
spectrometer was callibrated against sodium nitroprus-
side before and after the measurement of each resonant
spectrum at fixed pressure.

Figure 1 shows the spectra of the ¥ Fe sample with
1.5 at.% Fe, measured at liquid-nitrogen temperature
at atmospheric pressure and at 9.9 kbar. The spectra
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FIG. 1. M&ssbauer spectra of 5'Fe sample of an alloy of chro-
mium with 1.5 at.% Fe at T=78 K: O — spectrum at atmo-
spheric pressure, @ —at 9.9 kbar. The dimension of the point
is equal to the statistical error. The Modssbauer source tem-
perature is ~ 100 K.

have the form of broadened single lines because of the
small values of H. Similar spectra were obtained for
all other samples. At 78 K the fields at the ¥"Fe nuclei
are 15.7, 18.4, and 23.8 kOe in increasing order of the
Fe concentration; this agrees well with the data of

Ref. 4. The nonzero isomer shift is due to the differ-
ence between the source and the absorber. A compari-
son of the spectra of Fig. 1 shows clearly the effect of
pressure on the width of the resonance line and hence
on the absolute value of H.

Plots of the relative changes of the fields against
pressure are shown for the three alloys in Fig. 2. The
relatively large errors of AH/H are due to the rather
low values of H. The dashed line shows the pressure
dependence of the magnetic moments of the CR atoms
in the SWD of a pure chromium host. We determined
also the dependences of the isomer shifts ¢ at the
5"Fe nuclei on the pressure, and obtained for all alloys
Ag =—0.02 £+0.01 mm/sec per 10 kbar. The decrease
of £ under pressure corresponds to an increase of the
density of the s electrons at the nuclei. Attention is
called to the anomalously large relative changes of the
hyperfine fields under pressure: the observed values
of AH/HAp exceed by 50-100 times all the values known
from preceding experiments.'®

Herbert et al.* have shown that for alloys with small
Fe concentrations the temperature dependences of the
fields at the 5"Fe nuclei are anomalous—the H(T) plots

I S 1

20

£,kbar

FIG. 2. Relative changes of the hyperfine magnetic fields at
the TFe nuclei with changing pressure at T=78 K: A —alloy
with 0.5 at.% Fe, O — alloy with 1.5 at.% Fe, 0O~ alloy with
3.5 at.% Fe. Dashed line—pressure dependence of the mag-
netic moments of the Cr atoms for pure chromium (from the
data of Ref. 9).
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deviate considerably from the Brillouin curve: in the
region T <100 K the field increases strongly with de-
creasing temperature, the value of H is practically in-
dependent of temperature in the interval T, =T 2100 K
(see Fig. 4 of Ref. 4). The temperature in our mea-
surements (78 K) corresponds to the region where the
derivative 8H/8T is relatively large. This raises the
question of whether the anomalous H(p) dependence is
a trivial consequences of the shift, under the influence
of the pressure, of the H(T) curve towards lower tem-
peratures. We have therefore measured H at T =194 K
and p =6.7 kbar using a sample with 1.5 at.% Fe. This
point (194 K) lies in the middle of the plateau of the
H(T) curve, so that H(p) should not be affected by ei-
ther the shift of the Néel point under pressure or by the
possible shift of the H(T') curve. The obtained AH/HAp
=(-1.2+0.5) - 10" kbar™ agrees with the value of
AH/HOD at 78 K. We can therefore conclude that no
corrections need be introduced into the results of the
measurements at 78 K.

The main results of our experiments are the follow-
ing:

1) the absolute values of the hyperfine magnetic fields
decrease under pressure;

2) the values of AH/HAp are anomalously large and
exceed by almost two orders of magnitude the compres-
sibility of the chromium host Av/vap;

3) the density of the s electrons at the nuclei in-
creases under pressure.

To discuss the results we need data on the effect of
pressure on the magnetic properties of chromium,
some which we shall recall. Neutron diffraction
yielded® the temperature dependence of the magnetic
moments in SDW, which is close in practice to the
Brillouin function, 87T,/8p ~8Ty/8p =~ 6 deg/kbar, and
Ap /B o Ap ==2+107 kbar™'., Measurements of k. (p)
were made at T/Ty~ 0.2, so that Ty(p) did not affect
the result. We note that our measurements were made
at the same ratio T/Ty, so that no correction for the
effect of Ty(p) was introduced. Thus, an anomalously
large change of the magnetic properties is observed
in pure chromium. It appears that this is due to sin-
gularities in the band structure of the chromium,'*
which lead, in particular, to the vanishing of the mag-
netic moments of the Cr atoms at T > T}.'?

We compare now the experimental result with the
previously proposed’ model of the hyperfine magnetic
fields. According to this model the exchange interac-
tion of the Fe and Cr atoms aligns the magnetic mo-
ments of the Fe atoms parallel to the SDW polarization
vector. At low temperatures (T «<Tj) the Fe and Cr in-
teraction is saturated, i.e., the exchange interaction
between the magnetic moments is strong. It is assumed
also that near the Fe ions the conduction electrons pro-
duce magnetic moments directed opposite to the 3d
moments of the Fe, introducing by the same token a
spin-compensating state of the Kondo-anomaly type
with a characteristic temperature T~ 60 K. The field
at the >"Fe nuclei is given by

H =‘=Hsdw+-Hm (2)
where Hgy,, is the field due to the intrinsic magnetic
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moment of Fe and H, is the field of the conduction s
electrons; H, cancels in part the value 150-200 kOe ex-
pected from the intrinsic 3d moment of the Fe ion.

In our opinion, the model of Herbert et al. has two
essential shortcomings: first, it ignores the paramag-
netism of the Fe atoms; second it can not explain the
anomalous H(p) dependence. Let us clarify the last
statement.

The decrease of the magnetic moments of the chro-
mium atoms under pressure, its anomalously large
value notwithstanding, cannot be reflected significantly
in the Hgpy contribution, since the exchange of inter-
action of Fe and Cr at T «< T, remains just as saturated
also under pressure. As for the influence of the pres-
sure on the spin-compensating state, at T =194 K it
does not exist at all, whereas AH/HAp remains anom -
alously large as before.

We propose an alternate mechanism for the onset of
the hyperfine magnetic fields at the ’Fe nuclei in chro-
mium. It can be concluded on the basis of the paramag-
netic behavior of the Fe atoms up to 4.2 K (Ref. 2) that
the exchange interaction of the Fe atoms in the SDW is
close to zero, from which it follows also that the mag-
netic moments of the Fe atoms relax with a high fre-
quency. It is known that if the relaxation frequency
v>1/1 (7 is the lifetime of the excited state of the nu-
cleus), then the nucleus “does not see” the magnetic
field of the intrinsic moment and in this sense the atom
can be regarded as nonmagnetic. If the frequency v for
Fe in Cr satisfies this condition, then the contribution
made to the field by the 3d moment of Fe is equal to
zero. However, the absence of this contribution does
not exclude the possibility of other mechanisms that
produce H and act, for example, in the case of non-
magnetic atoms in antiferromagnetic hosts. Thus, the
field at the nuclei of the Sn impurity atoms in Cr
(~100 kOe, Ref. 13) is due to the magnetic moments of
the Cr atoms in the first coordination sphere of Sn.

Let us apply the suggested description of the fields at
nuclei of nonmagnetic atoms to the case of >"Fe in Cr.
According to the Delyagin-Kornienko empirical rule,'*
the expression for the field takes the form

H=—ap,+bp,+cp, (3)
where p, and p, are the magnetic moments of the atoms
in the first and second coordination spheres of the mag-
netic atom, [ is the average magnetic moment of the
host, and a, b, and c are positive constant coefficients
with a >b and ¢ >b.

We examine now qualitatively the H(p) dependences
from the point of view of this mechanism. In the sim-
plest AF, structure @ =0. Then, neglecting the com-
paratively small term in (3), we obtain H~ap,. Next,
introducing the dependences of @ and ., on the pressure,
we have

AH/HAp=Aa/aAp+Ap/pAp. (4)

For Sn impurity atoms in magnets, the first term in 4) -
usually prevails, since Ap,/i,Ap is smaller by one or-
der of magnitude than AH/HAp. In our case the situa-
tion is reversed, and Ap,/u,Ap is anomalously large,
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so that AH/HAp~ Ap, /i, 8p. As seen from Fig. 2, this
relation agrees with experiments. The contributions
made to the polarization of the conduction electrons,
and consequently the contributions from the nearest
spheres in the AF,, AF,, and AF, structures are ap-
parently different. The quantity ci is in fact the sum
of the contribution from the coordination spheres with
numbers n >3, the most substantial of which are the
contributions from the third and fourth spheres, and
the rest can be neglected. Therefore for most atoms
cit#0 in the AF, and AF, structures, because of the
large length of the SDW compared with the lattice peri-
od. When this circumstance is taken into account, the
values of AH/HAp for AF,, AF,, and AF, should be dif-
ferent. The accuracies of our measurements, strictly
speaking, are insufficient for the observation of these
differences, nonetheless the tendency towards such a
difference does apparently exist (see Fig. 2).

Our experiments allow us therefore to draw the fol-
lowing conclusions: 1) the hyperfine magnetic fields at
impurity iron atoms in chromium are determined by
the nearest neighboring chromium atoms, 2) the anom-
alously large relative changes of the hyperfine fields at
the *'Fe nuclei in Cr under pressure are the conse-
quence of changes of the magnetic moments of the chro-
mium atoms.

In conclusion the authors are grateful to V. A. Mak-
arov for kindly supplying the alloy samples and for dis-
cussing the result, and V. P. Mar’in for help with the
measurements.
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The Berezinskil diagram technique is used to calculate the density of states in a one-dimensional crystal
with a strong degree of disorder. The character of the Dyson singularity at the center of the band is
studied. The structure of the state-density peaks produced at rational points of the band is investigated.

PACS numbers: 63.90. +t

1. INTRODUCTION

In connection with the intensive experimental investi-
gations of quasi-one-dimensional crystals with strong
structural disorder,! theoretical investigations of the
electron spectrum in one-dimensional disordered struc-
tures have attracted great interest. The state density
in such systems was investigated in many studies (see
the review?). It was found that in one-dimensional
problems the state density is very sensitive to the crys-
tal structure. Great interest attaches therefore to al-
lowance for the periodicity of the initial crystal poten-
tial. Among the most significant results in this field is
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the singularity observed by Dyson® in the state density
near the middle of the band. It was subsequently ob-
served in a large number of systems.®® All the cited
studies dealt with the case of weak disorder.

The present paper deals with the density of the elec-
tron states in a one-dimensional crystal with arbitrary
disorder. It is shown that in this case the state-density
peaks appear at all rational points of the band, and that
the Dyson singularity at the center of the band is great-
ly enhanced. These effects are due to the strong Bragg
scattering of the electrons in one-dimensional crystals
and to the interference of the corresponding waves.
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