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The resistivity of crystals of terbium-yttrium alloys was investigated in a wide range of concentrations at
temperatures from 4.2 to 400°K. The magnon part of the resistivity was separated. The effective mass of
the conduction electrons m * and the s-f exchange parameter were calculated on the basis of the formulas
of the indirect-exchange theory. A change was observed in the Fermi surface in the concentration region
(40-50) at.%Y, thus indicating a strong connection between the structure of the Fermi surface and the
magnetic properties of the terbium-yttrium alloys. It is shown that the residual resistivity due to the spin

rcs

disorder py, greatly exceeds the electrostatic contribution to p,.,.

PACS numbers: 72.15.Eb, 71.30.Hr, 72.15.Qm

The investigation of the electric properties of single
crystals of rare-earth (RE) alloys is of considerable in-
terest for the theory of magnetism. The resistivity of
RE alloys has been investigated so far using polycrystal-
line samples, "7 and only several studies were made
with single crystals. %! Measurements with polycrys-
talline samples do not yield complete and reliable infor-
mation on the conduction-electron scattering mechanisms
in these substances, because the resistivity of RE alloys
and metals exhibits in principle different behaviors in
different crystallographic directions, making it difficult
to compare the conclusions of the indirect exchange the-
ory with the experimental data.

An important circumstance is that the experimental
investigation of the Fermi surfaces of RE metals and
alloys with the aid of the galvanomagnetic effect and
resonant methods is presently made difficult by the in-
sufficient purity of the samples. The study of the elec-
tric properties yields useful information on the deforma-
tion of the Fermi surface when RE metals are alloyed.
As shown by Dzyaloshinskii, ! the magnetic properties
of RE metals are strongly connected with the singulari-
ties of the Fermi surface and with the electronic struc-
ture in these metals. Thus, simultaneous study of the
electric and magnetic properties can yield a more com-
plete idea on the nature of the ferromagnetism and of
helicoidal antiferromagnetism in these substances.

We have investigated the resistivity of single crystals
of terbium-yttrium alloys in a wide range of concentra-
tions at temperatures from 4,2 to 400 °K.

The single crystals were grown by drawing from the
melt (by the Czochralski method). The samples for the
measurements were cut from the single crystals with a
diamond disk in three crystallographic directions,
{toT0), (1120), (0001), after which the samples were
etched in a solution of nitric acid in alcohol. In addi-
tion, to relieve the internal stresses, all samples were
annealed at 600 °C for 24 hours in a vacuum not worse
than 10® mm Hg.

An analysis of the impurity concentrations has shown
that the oxygen, hydrogen, and nitrogen contents do not
exceed 0,005, 0.0005, and 0.006 wt.%, respectively,
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and the total concentration of the metallic impurities was
not larger than 0,01 wt.%. By determining the terbium
concentration in longitudinal and transverse sections, it
was established that the components are uniformly dis-
tributed in length and in the cross section of the single
crystals., The orientation along the indicated crystal-
lographic directions was by the Laue method with an
error of 1°, and in some cases with greater accuracy

by using a diffractometer.

The resistivity was measured by a standard four-con-
tact method using a potentiometer circuit. The samples
were rectangular with area 10 c¢m? and length 0.8~
1.0 cm.,

For all the investigated alloys an abrupt change in the
value of dp/dT was observed in the basal plane (crys-
tallographic directions (1010) and (1120) or respectively
b and a) at the point ©, of phase transition from the
paramagnetic state into the antiferromagnetic state, and
at the point ©, of the phase transition from the antifer-
romagnetic state into the ferromagnetic state (Fig. 1).
At the point ©, the value of dp/dT increased upon cool-
ing below ©,, and at the point ©, the value of dp/dT de-
creased upon cooling below ©,, the change of dp/dT at
the point ©, being much larger than at the point ©,.
Along the crystallographic direction (0001) (the ¢ axis),
for all the alloys, a maximum of the resistivity with a
change of the character of the conductivity is observed
near ©,, namely dp/dT <0 in a certain temperature in-
terval below O,.

In accordance with the Matthiesen rule, the total re-
sistivity of ferromagnetic metals p(T) is given byta,lol

O(T) = s 0l T) T0e(T) +ou(T), 1)

where p,. is the residual resistivity, p,(T) is the re-
sistivity due to electron—electron scattering, and p,,(7)
and py(T) are the resistivities due to the scattering of
the electrons by the phonons and magnons, respectively.

To separate the resistivity due to the scattering of
the conduction electrons by the spin inhomogeneities, it
is necessary to determine the temperature-dependent
contributions p,,(T) and p,(T). This can be done by us-
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FIG. 1. Resistivity of single crystal of the alloy Tb—16.5 at. %
Y. Curves 1, 2, 7 represent p(T) — p.5 along the respective
crystallographic directions (1010), (1120), (0001); curves

3, 4, and 8 represent the magnon contribution py(7) to the
resistivity along these directions; curves 5, 6, and 9 repre-
sent the contribution g, (7) due to scattering by phonons along
the same directions.

ing data on the temperature dependence of the resistivity
of metals that have a similar electronic structure and
have no magnetic ordered state.'®? For heavy RE
metals, such a metal is lutecium, which has a Fermi
surface similar to those of Th, Dy, and Er."!! As
shown by Vol’kenshtein and co-workers, %! by using
pe(T) and p,,(T) of lutecium it is possible to separate
pu(T) of heavy RE metals.

For alloys with large yttrium content it is natural to
assume that their Fermi surfaces are similar to the
Fermi surface of yttrium, The contributions p,(T) and
o,n(T) were separated for Lu and Y with the aid of a
known expression™?? that is valid for T <0.16,:

0(T) =prestAT*+BT?, 2)

where A is a parameter characterizing the electron—
electron scattering and B determines the scattering by
phonons. We used the results of the measurements of
the resistivity of single-crystal yttrium and the pub-
lished data for p(T) of polycrystalline and single-crystal
lutecium, %131 By plotting in the temperature interval
4.2-25 °K the dependence of (p(T) = p,es)/ T2 on T for Lu
and Y, respectively, we determined the experimental
values of A and B along the c axis and in the basal plane.

The contribution from the electron—phonon scattering
ppn(T) can be calculated in a wide range of temperatures
from the Bloch—Gruneisen function, “*! which is deter-
mined by the quantity B and by the characteristic tem-
perature ©. The values of © were determined from the
relation

Pon(Ts) 4976 T @)

ponlTs) € T

Here pph(Tl) is the contribution to the resistivity from
the scattering by phonons at a temperature 7, <0.10,;
pen(T,) is the contribution to the resistivity from scat-
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tering by phonons at the temperature 7,>0.50,. The
characteristic temperatures in the basal plane and for
the ¢ direction in Lu, obtained from formula (3), are
©'=147 K and ©"=170 K, while for Y they are ©*=176
K and ©"=199 K, respectively. The obtained value of
©* for single-crystal Lu is close to the value of the
characteristic temperature obtained earlier®! for poly-
crystalline Lu, while the values of ©" for Lu and Y are
close to the Debye temperatures calculated from the
heat capacity (for Lu and Y we have ©, =166 K and O,
=218 K, respectively).

Starting from the obtained values of B and ©, we used
the Bloch—Gruneisen formulas™*! to calculate p,,(T),
and then relation (1) to calculate p,(T) for Luand Y
along the crystallographic axes. According to our re-
sults, the electron-electron scattering in yttrium and
lutecium have similar temperature dependences, while
the values of p, and dp,/dT at room temperature are
quite close.

As follows from the theory, “&17) in the paramagnetic

region far from ©,, the resistivity p, does not depend
on the temperature dpy/dT. We can trace the variation
of the Fermi surface of the Tb-Y in the course of alloy-
ing by using the known relation®™?’

B () o

where i is the crystallographic direction (axes a, b, ¢),
and },dS; are the projections of the Fermi surface on
planes normal to the axes a, b, and c.

It is seen from Fig. 2 that the quantity dp/dT =dp,,/
dT +dp,/dT remains practically the same for alloys with
yttrium content up to 40 at.%, while for alloys with more
yttrium (more than 50 at.%) the value of dp/dT increases
and approaches with decreasing terbium to the value of
dp/dT of yttrium. This behavior of dp/dT seems to in-
dicate that the Fermi surfaces of terbium and of alloys
containing less than 40 at.% Y are practically the same.
In addition, it can be noted that the ratio (dp“/dT)(dp"/
dT)?, which characterizes the ratio of the areas =dS"/
dS* of the projection of the Fermi surface on planes
perpendicular and parallel to the ¢ axis, changes notice-
ably near an yttrium concentration close to 50 at.%.

Starting from the foregoing estimate of the change in
the electronic structure of the Tb:Y alloys, we have
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FIG. 2. a) Concentration dependence of dp/dT in the paramag-
netic region along the crystallographic directions (A—(1010),
0—(1120), o—(0001)) and of the ratio (dp"/dT) - (d'/dT)™'—
curve O); b) concentration dependence of the quantity Sy o1/S.
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TABLE I. Contribution made to the resistivity by the spin
disorder in the paramagnetic state. *

{ A mag * 105, Q-cm
Linear extrapolation Separation

Composition, at.% | b a c b a c

Tb — | 9 67 —_ 71 67
Tb—9 at. %Y 89 70 | 44 82 68 42.5
Tb—16.5at. %Y 68 60 20 66.5] 58 19.5
Tb—37.0at. %Y 61 57 38 60 54 38
Th—50.0at. %Y 47 — 28 49.51 — 32
Tbh—58.0at. %Y 39 31 5 39 29.5 7.5
Th—74.0at. % Y 27 16 1 26 16 4.0
Tb—90.0 at. % Y 7 3 1-4 9 5 1.5

*The data for Tb are from!!,

assumed, in order to separate py(7), that alloys with up
to 40 at.% Y make the same contribution to the resis-
tivity as p!(T) for lutecium, and when the yttrium con-
tent is 50 at.% and larger, the contribution p!(T) is the
same as for yttrium. To resolve the phonon part of the
resistivity along the crystallographic directions it is
necessary to determine the characteristic temperatures
for the given alloy. According to the Bloch model, the
scattering of the conduction electrons by the crystal-
lattice vibrations in the temperature region 7>0, 50,
can be represented in the form

P:lt: (T)=KT/4M €%, , ©

where K is a constant proportional to the Debye radius
and M is the mass of the ion.

Since the radius of the Debye sphere is inversely
proportional to the crystal-lattice parameters, it fol-
lows that Lu, Tb, and Y can be assumed to have the
same value of K, with an error not larger than 3%. For
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FIG. 3. Magnon resistivity component poy(T) for Th-Y single

crystals: a) Tb—9 at. % Y: 3—(0001), 7—(1120), 9—(1010),
Th—16.5 at. % Y: 1—{0001), 5—{1120), 8—{1010); Th—
37at.%Y: 2—0001), 4—(1120), 6—(1010); b) Tb—50 at. %
Y: 9—{0001), 11—(1010), Th—58 at. % Y: 4—(0001), 8—
(11%0), 10—(1010); Th—74 at. % ¥Y: 2—(0001), 6—(1120),
7—(10T0); Th—90 at.% Y: 1—{0001), 3—(1120), 5—(10T0).

1164 Sov. Phys. JETP, Vol. 44, No. 6, December 1976

80 at%Y

Tb 20 40 174

FIG. 4. Magnon resistivity components in the paramagnetic
region for TB-Y alloys: A—(1010), 0—(1120), o0—(0001),

alloys containing yttrium up to 40 at.% we then have

i . . MLu@Lu" i i
F;"'ph(@;")_ M “@i“‘ Pre’ (Ora’), (6)
al al
M \IG ‘u ill e ‘u ’l’
6;"= (—_jkl :ip,L ——ph( 2 ) » (7)
all pall.ph/ dr
dpa‘ll.ph: ﬂ)i_ _ dpe(Lu (8)

daT dar dar

Here (8) is valid for the paramagnetic region of tem-
peratures far from ©,. We can write similar formulas
for alloys with more than 50 at.% yttrium, Using (6)-
(8) and the tabulated function p,,(T)/p,(©) =£(T/0), 4!
we have calculated the characteristic temperatures and
the resistivities p,,(7") due to the electron—phonon scat-
tering for the three crystallographic directions in each
of the alloys.

Table I lists the values of (py)n, Which is a part of
the resistivity due to the total magnetic disorder in the
paramagnetic region; these values were obtained by lin-
ear extrapolation to T=0 (see Fig. 1) and by subtraction
of pi(T) + pi,(T) from the total resistivity:

o' (T) =p* (T) —pres—ppblT) —pc' (T). )

For alloys with yttrium content up to 40 at.% it is pos-
sible to separate p, +p,, for the ¢ direction only under
the additional assumption that

dp. dppny L fdpe\  f dppn
(dT )Lu(ﬁ)hu (dT)au(dT)a” !
and the values of (py)n. Obtained in this manner differ

little from the values of (py) . determined by linear ex-
trapolation.

It is seen from the table that linear extrapolation can-
not be used for alloys with large yttrium contents. Fig-
ure 1 shows the temperature dependence of the contribu-
tions p, +p,, and py, to the resistivity, obtained by the
method described above.

The temperature coefficient for p,(T) changes at the
phase-transition points ©, and ©,, this change being
much smaller at the point ©; than at the point ©,. When
the yttrium content is increased to 16 at.%, an increase
in the anisotropy of py(T) is observed (Fig. 3a and Fig.
4), For alloys Th—16.5 at.% Y, (pydmex 1S almost three
times larger than (py)nx. With further increase of the
yttrium content, the difference between py, and pj, de-
creases, and for the alloy Th—50 at.% Y it is minimal

(Fig. 3b and Fig. 4). Alloys with large yttrium content
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have an anisotropy of py in the basal plane, which in
these alloys is comparable with the anisotropy of p, be-
tween the ¢ direction and the direction perpendicular to
it.

The magnetic part of the resistivity in the paramag-
netic region (T'>©,) for the directions a and b, (p}) .
and (o3)max respectively, decreases linearly with in-
creasing yttrium content, but along the ¢ direction the
dependence of (p$)y., On the yttrium concentration is
more complicated (Fig. 4). In the concentration region
~50 at.% Y, where a restructuring of the Fermi surface
takes place, an increase of (p})n, iS Observed, but with
further increase of the yttrium content (more than 60
at.%) the value of (o). decreases monotonically.

In the indirect-exchange theory, the magnetic and the
electric properties are closely related: pyand ©, de-
pend on the same microscopic parameters. For the
magnetic part of the resistivity (py)nma due to the spin
disorder in the paramagnetic state at T>0,, an analytic
expression was obtained in‘®!"), For alloys with yt-
trium this expression takes the form

3n IPm .
(OuImex = s (@ 1) T2 (1412), (10)
where T is the parameter of the s—f exchange, m* is
the effective mass of the conduction electron, v, is the
atomic volume, k&, is the Fermi wave vector, I is the
total magnetic moment of the ion, and x is the concen-

tration of the magnetic ions.

Within the framework of the indirect-exchange theory,
an expression was obtained for the paramagnetic Curie
temperaturet8’

3nns I*m’

= — (gi—1)?
e ok &l

X1(I+1) ¥\ F 2k Ran),

nem

8,

11)

where 7, is the number of conduction electrons per atom
and

2 F(2kRom)

neem

is the lattice sum, the value of which for rare-earth
metals is (6.94+0.03)- 1073,

With the aid of formulas (10) and (11) and the experi-
mental data for (py)ma, S well as the paramagnetic
Curie temperatures 0, previously determined for Th-Y
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alloys, "9-%!) we have calculated the effective mass of

the conduction electrons m* and the s—f exchange pa-
rameter for Tb-Y alloys.

Figure 5 shows the concentration dependence of the
reduced effective mass of the electron m*/m, (n, is the
mass of the free electron). For pure terbium and for
the alloys Tb—9 at.% Y and Th—16.5 at.% Y, the value
of m*/m, is ~3, in agreement with the previously deter-
mined values of m*/m, for heavy RE metals"" and for
Gd-Y alloys.® For alloys with more than 40 at.% yt-
trium, the ratio m*/m, increases noticeably with in-
creasing yttrium concentration, reaching the value 5.8
for the alloy Tb—90 at.% Y. The s—f exchange param-
eter for terbium-yttrium alloys is practically indepen-
dent of the concentration within the limits of errors
(Fig. 5).

Definite information on the deformation of the Fermi
surface when terbium is alloyed with yttrium can be ob-
tained by estimating the deviation of the area of the real
Fermi surface S from the area of the Fermi surface of
the free electrons S, .;, using the relation‘?’

Sty /S=Z"/n.". (12)
Here S;. ., is the area of a certain hypothetical spheri-

cal Fermi surface in the presence of n, free electrons
per atom, and Z is the Ziman parameter:

1= L6ty 09)

a'h*2-"D dT
where M is the atomic weight (the mass of the ion), kg
is the Boltzmann constant, ©, is the Debye temperature,
and D is the Debye radius.

The Ziman parameter was calculated for each alloy
with the aid of the values obtained by us for dp,,/dT in
the paramagnetic region. The values of ©, and D were
taken for the alloys by using linear interpolation from
the value for pure metals (©,=182 K, D*=1,23- 10°
cm™ for terbium and ©, =218 K, D'=1.21-10° cm™ for
yttrium).

Figure 2 shows the variation of the ratio S, ,,/S with
changing yttrium concentration, For alloys with (40—
50) at.% Y, an abrupt change of the Ziman parameter
and of the ratio S;,_,,/S is observed.

Figure 6 shows the concentration dependence of the
residual resistivity p..;. The values of p,, for terbium
alloys with (50-70) at.% yttrium are quite high and close
to the values of p..; for Gd-Y alloys in the gadolinium
concentration region (40—60) at.%.®’ The dependence
of p..s On the concentration for single-crystal Th-Y
alloys cannot be described by a relation of the x(1 - x)
type. A concentration dependence closest to this type
is observed by p,..s only in the ¢ direction, but pZ.,(x)
and plq(x) have different forms. The experimental val-
ues of p.,; for the crystallographic directions a, b, and
¢ in the Tb-Y system can be described with the aid of a
relation of the a +bx +cx? +dx®;

Belov et al. 1165
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FIG. 6. Residual resistivity of single crystal Th-Y alloys
along the following crystallographic directions: A—(1010),
0—(1120), o—(0001). Solid lines—relations of the type
a+bx+cx®+dx®. Dashed line—relation of the type x(1 —x) for
the (0001) direction.

08 =9+2582—4412°+1832°;

0o =10+182z—3062°+124z"; (14)

Pres=3+1772—288z*+1112°.

The residual resistivity of rare-earth metals and
their alloys, with both magnetic and nonmagnetic metals,
was investigated theoretically by Dekker.™?? According
to his results, the residual resistivity can be repre-
sented in the form of a sum of two terms:

Pees =P5 + O3 (15)
res 3am V'
st —mzﬂ—l), (16)
res  3nm'T*(g,—1)*
=0 ST (-
M gerE s, S a7

where p3;° is the electrostatic contribution to p..e, Py
is the residual resistivity due to the spin disorder, x is
the fraction of the magnetic ions in the alloy, and V,,
=V,-V,, where V, and V, are the Coulomb potentials
of the terbium and yttrium ions.

Combining formulas (10) and (17), we easily obtain the
concentration dependence of pi®:

res I(1—
pM (z)=-ﬁ—)'(pM)max‘

(18)
Substituting the obtained values of (py)na, We used for-
mula (18) to calculate the values of p}e® for all the in-
vestigated compositions (Fig. 7). The values of p%°
were obtained in accordance with formula (15) by sub-
tracting pj° from p ., (curve 1 minus curve 2, Fig. 7).
The character of the pj;*(x) dependence is quite close to
that predicted by the Nordheim and Dekker rule. ®" The
electrostatic contribution to the residual resistivity in-
creases when yttrium is added to the terbium, but de-
creases at a large yttrium content. V,, can be calcu-
lated from formulas (16) and (17):
V=T (g:—1)1 (05 0E)"2. (19)
An estimate of V,, by formula (19) yields ~ 5.23 eV-AS3,
It is seen from Fig. 7 that the quantity p . for the Tb-Y
alloys is determined mainly by the contribution p};® due
to the magnetic disorder. The empirically obtained con-
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‘alloys, in agreement with Dzyaloshinskif’s theory.

FIG. 7. Residual resistivity

in the basal plane p., (curve 1),
the magnetic component of the
residual resistivity in the basal
plane pff® (curve 2), and (Qpes

- p®) (curve 3).
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Te 20 40
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60 80atnY

centration dependences of p,., (formulas (14)) can be ob-
tained from (17) by taking into account the concentration
dependences of m™* and T.

In addition, p,, receives a contribution gi$* from
structural imperfections. This contribution can be es-
timated for pure components, for which pj® = pg:° =0.
All the single crystals were prepared from the same
original metals and grown under the same conditions,
so that pg;° can be assumed to be practically constant in
the entire concentration region.

The results of the present investigation of the electric
properties of rare-earth terbium-yttrium alloys show
that, despite the fact that the terbium and yttrium ions
have similar electron shells and close values of the
crystal-lattice parameters, a substantial deformation
of the Fermi surface takes place when these metals are
alloyed, in the concentration region (40-50) at.% Y, and
leads to a change in the effective mass of the electrons
m*, and to a nonmonotonic concentration dependence of
oy The s—f exchange parameter for the basal plane re-
mains in this case practically constant and is not very
sensitive to the shape of the Fermi surface.

As shown by investigations of magnetic and magneto-
striction properties, **! at an yttrium concentration
larger than ~ 30 at.% the ferromagnetism vanishes and
the alloys remain antiferromagnetic with helicoidal
structure down to the lowest temperatures. These data
and the results of the present investigation point to a
strong relation between the singularities of the Fermi

surface and the magnetism of the RE metals or their
fo1

Thus, the contribution made to the resistivity by the
mechanism of conduction-electron scattering by the spin
disorder is quite large in Th-Y alloys, both in the para-
magnetic region and at low temperatures, even near
0 °K, as indicated by the large values of (py)ma and pip°.
With increasing content of the nonmagnetic yttrium, how-

ever, the role of this mechanism decreases gradually.
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Observation of the suppression of a nuclear reaction in a

direct beam of y quanta

G. V. Smirnov, N. A. Semioshkina, V. V. Sklyarevskii, S. Kadechkova, and B. Shestak

L V. Kurchatov Institute of Atomic Energy
(Submitted May 19, 1976)
Zh. Eksp. Teor. Fiz. 71, 2214-2229 (December 1976)

The suppression of a nuclear reaction upon resonant interaction of y quanta with a regular system of
nuclei was observed in a direct beam of y quanta passing through a perfect crystal. y quanta of the
Maossbauer transition in Fe’” nuclei and iron crystals enriched up to 85% by resonant Fe’’ nuclei were
utilized in the experiment. A consequence of the suppression of the reaction was a sharp increase in the
transmittance of the crystal for resonant 7y quanta in an angular range of 30" in the neighborhood of the

Bragg angle.

PACS numbers: 76.80.+y

INTRODUCTION

Previously unknown collective nuclear phenomena
were predicted!*3! on the basis of conservation of co-
herence during resonant nuclear scattering of Moss-
bauer y quanta, Among the more striking effects in
which an aggregate of nuclei behave as a single ensem-
ble, one can single out the suppression of nuclear reac-
tions (SNR) or the Kagan— Afanas’ev effect. In the exam-
ple of this and other effects, Kagan and Afanas’ev
showed that the nuclear parameters of the ensemble,
such as the position of the resonant level, the lifetime
of the excited state, the relationship between the partial
widths of the nuclear levels, and so forth, may differ
significantly from the corresponding parameters of the
individual nucleus entering into the composition of the
ensemble.

SNR should appear upon the interaction of resonant y
quanta with the nuclei in perfect crystals. Under these
conditions the y quanta are captured in a regular system
of identical nuclei. The excitation which appears in such
a system upon capture of an individual y quantum cannot
be associated with one or the other specific nucleus. In
accordance with the quantum mechanical principle of
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superposition of states,\ it must pertain with a definite
probability to each nucleus in the system and thus en-
velops the entire system as a whole. A collective ex-
cited state of the nuclear system appears, ‘%!

In virtue of the conservation of coherence during the
lifetime of the collective state, the emission of a y quan-
tum upon decay of the collective state only takes place
in certain directions. These directions are specified by
the symmetry of the regular system of nuclei. In this
connection it is essential that the probability for the
emission of a quantum increases significantly in com-
parison with the probability for elastic decay of an iso-
lated nucleus, whereas the probability for transfer of the
excitation energy to a conversion electron (inelastic re-
action channel) remains the same as before.

Upon fulfillment of the Bragg conditions for an incident
v quantum, elastic decay in an excited nuclear system
can take place in two directions, as a consequence of
which an abrupt rearrangement of the y quantum state
takes place on entrance into the crystal. A pair state
appears which corresponds to the wave field represent-
ing a coherent superposition of two plane waves. Below,
in connection with the propagation of this field in a crys-
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