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Magnetic resonance in disordered magnets of the Cd, _ . Zn, Cr, Se, system is investigated. The
single crystals of this system are spiral antiferromagnets for x>0.43, ferromagnets for x<0.38,
and spin glasses for x ~0.4. The localized magnetic moments of Cr* * ions in the single crystals of
this system are located at the sites of the simple cubic lattice so that the spin glasses of this system
correspond to the random interaction model rather than the random site model. The cubic
magnetocrystalline anisotropy energy of the single crystals of this system may be varied
continuously over a broad range from 10° to 10° erg- cm ~ > by doping such crystals with 0 to 5%
mol.% Ag. The anomalous shift of the magnetic resonance line in spin glasses is found to be the
result of the noncollinearity of their magnetic structure. The magnitude of this shift is determined
by the modification of the exchange interactions due to isotropic volume magnetostriction and is
not related to the magnitude of the magnetocrystalline anisotropy energy or the Dzyaloshinskii-
Moriya interaction level, nor to the dynamic shift due to dipole broadening of the magnetic

resonance line.

INTRODUCTION

A number of authors have analyzed magnetic reson-
ance in spin glasses (SG). It has been established for many
different classes of spin glasses that anomalous reduction in
the magnitude of the magnetic resonance field Hy is ob-
served with decreasing temperature in spin glasses at a fixed
microwave radiation frequency . Classical electron par-
amagnetic resonance (EPR) is observed in SG at tempera-
tures 7'somewhat greater than the temperature T, of transi-
tion to the spin glass state. Here we have written H, = w/7,
where y is the gyromagnetic ratio, which ordinarily corre-
sponds to a g factor of near two. Such behavior is observed
over a temperature range 7> T,. There is a significant shift
of the resonance field denoted by H, ( H, is the internal effec-
tive field) at sufficiently low temperatures 7 < 37,. Magne-
tic resonance is therefore observed in SG for

Hp=0/y—H.. (D

The quantity H, is a monotonically decreasing function of
temperature, and equals ~ 1 kOe at temperatures of ~ 10 K.
Interestingly, the order of magnitude of H; does not depend
on the different SG parameters, i.e., it is identical in all SG of
different classes. H, is likewise always positive and indepen-
dent of crystal orientation relative to the external magnetic
field. In other words, it is as though the external magnetic
field direction in SG is always the easy axis of magnetization.
Such a view of relation (1) derives from the observation of a
shift of Hy corresponding in magnitude to the anisotropic
field H, in classical paramagnets at a sufficiently high mag-
netocrystalline anisotropy energy E, . In this case, however,
both the sign and magnitude of the shift depend on crystal
orientation with respect to the external field H. Ordinarily,
H, is substantially below 1 kQe. It is well known that, such
an anomalous shift of the resonance field has been observed
in both amorphous' and crystalline®* spin glasses.

No satisfactory explanation of the nature of this pheno-
menon has been offered to date. One could suppose that an
external magnetic field induces a unidirectional anisotropy
in the SG’s. This would be possible with sufficiently large
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values of the Dzyaloshinskii-Moriya interaction parameter
such as in spin glasses based on transition metal alloys. Such
an explanation has been offered in many studies, e.g., Refs. 1
and 4. Indeed, unidirectional anisotropy has been observed
in SG with large values of this parameter below the transi-
tion temperature T, together with shifted hysteresis loops
following cooling of the SG in an external magnetic field.
These effects, however, are absent at temperatures above the
transition temperature 7, and the Dzyaloshinskii-Moriya
interaction is not strong in all spin glasses.

The resonance field shift in spin glasses is accompanied
by significant broadening of the absorption line.!”® The ab-
sorption linewidth I" of microwave radiation grows expon-
entially as the temperature decreases

P~F0=F16XP(—T/T0)1 (2)

where I';, is the absorption linewidth at high temperatures
corresponding to ordinary EPR; I'; and T, are empirical
parameters, with I'; > T’y and T, ~ T,. The dynamical shift
Hy associated with dipole broadening of the absorption line
is in most cases substantially below H, in SG’s and is ~ 100
Oe for w/2m~10 GHz and T~ T, (Ref. 3). According to
calculations® the dynamical shift of the resonance field
would have a power-law dependence on the parameter
e= (T~ T,)/T, as T-T,, while the ratio of the linewidth
to the magnitude of this shift would drop off sharply in pro-
portion to 1/w7, where 7~ £ ~*"is the characteristic relaxa-
tion time of the spin subsystem; z and v are critical indices;
H; would also vary as « o ~ ' for o3> 1, which was not ob-
served in Refs. 6-8 when the frequency @ was tuned over the
range 2-35 GHz. Indeed, as demonstrated by Ref. 5, the
linewidth Re T associated with dipole broadening, and the
dynamical shift Im I', have the following dependence on 7
and w:

T 1 (3)
Rel' 4+l Z’ ré’

ot 1
R e Zr_ (4)
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where the sum over i is a lattice sum for the dipole-dipole
interactions between chaotically distributed spins; 7; are the
distances between the spins. Note that the analogous sum for
the spins ordered among the sites of the simple cubic lattice
is exactly equal to zero when the spins are oriented in paral-
lel, and is relatively small when they are randomly oriented.
It would therefore be interesting to investigate magnetic
resonance in SG’s in which the spins are ordered at the sites
of the simple cubic lattice. Single crystals of the
Cd, _,Zn,Cr,Se, system for x ~0.4 are such spin glasses.

In this paper we investigate magnetic resonance in sin-
gle crystals of the Cd, _,Zn,Cr,Se, system in which the
Dzyaloshinskii-Moriya interaction is not significant, and
their magnetocrystalline anisotropy energy can be con-
trolled over a broad range of 10°-10° erg-cm ~* by silver
doping at levels up to 5 mol.%. Analyzing single-crystal SG
permits an independent measurement of the contributions to
the resonance field shift from H; and from magnetocrystal-
line anisotropy. This cannot be achieved by analyzing poly-
crystalline or amorphous spin glasses.

1.SAMPLES AND EXPERIMENTAL METHOD

Single crystals synthesized by spontaneous crystalliza-
tion from a melt solution at the Institute of General and
Inorganic Chemistry of the Academy of Sciences of the
USSR  were analyzed. Single crystals of the
Cd,_,Zn,Cr,Se, system are normal spinels with a cubic
crystalline structure. Their magnetic properties are due to
the localized magnetic moments of the Cr® * ions at the octa-
hedral sites of the spinel structure. Magnetic ordering is es-
tablished by direct exchange interaction between Cr** and
indirect superexchange between these ions involving Se” ~ as
well as Cd*>* or Zn’* ions. Both nearest neighbor interac-
tion and interaction between the next nearest neighbors are
significant in this case.!® The single crystals of this system
are spiral antiferromagnets (AFM) for x>0.43; ferromag-
nets (FM) for x<0.38, and spin glasses for x ~0.4."-13

The cubic magnetocrystalline anisotropy energy of un-
doped single crystals of this system is relatively small,
E,~10° ergrecm >, The E, of single crystals of the
Cd, _,Zn Cr,Se, system was found to vary from 10° to 10°
erg-cm ~* from Ag doping up to levels of 5 mol.% on a rota-
ting sample magnetometer whose design is described in Ref.
14. Silver doping will not only increase the magnetocrystal-
line anisotropy energy but will also increase the range of x
where such crystals become spin glasses.!"!* For example,
the single crystals of this system with x = 0.4 are SG with
T, =20K and E, ~ 10° erg-cm ~*, while for x = 0.46 they
are antiferromagnets. Doped single crystals with x = 0.46
are spin glasses with T, = 17 K and E, ~ 10* erg-cm ~ *ata
silver dopant concentration of ~2 mol.% and with T, = 37
K and E, ~10° erg-cm ~* at 5 mol.% Ag.

These single crystals were shaped as proper octahe-
drons with sides of ~2 mm. Wafers parallel to one of the
crystallographic planes (100), (110), or (111) were cleaved
from the octahedrons. Square, rectangular, or isosceles
triangle wafers were obtained. Disks were then cleaved from
these wafers. :

The measured values of H; and even I" were found to be
essentially independent of wafer shape. Polishing the wafers
likewise had no significant effect on the magnetic resonance
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linewidth of disordered magnets of this system. Wafer thick-
ness was found to have a much stronger effect; this thickness
was varied over a range of 80400 ym. The demagnetizing
factors of the wafers were found to vary with wafer thick-
ness. This caused a significant shift of H . Direct magnetiza-
tion measurements of the samples on a vibrating sample
magnetometer were employed to test the correlation
between Hy and variations in the demagnetizing factors of
these wafers. The magnetic resonance linewidth grew with
increasing wafer thickness, due to magnetization inhomo-
geneities in the thick wafers. Only rather thin (~ 100 zm)
wafers represent a satisfactory model of an ellipsoid that is
uniformly magnetized in an external magnetic field.

The conductivity of these samples depended on their
degree of doping and varied over a range 10~ '-10~°
Q- "cm~! at room temperature for silver concentrations
from O to 5 mol.%. Figure 1 shows the temperature depen-
dence of the resistivity of doped single crystals of the
Cd,_,Zn,Cr,Se, system. The samples were cut into
2X2x%0.5 mm® wafers with contact pads deposited on the
polished surface of these wafers. A chrome layer ~0.1 um
thick was initially deposited. A copper layer of ~0.2 zm was
then deposited on top of this layer. Copper microwires 30
um in diameter were then attached to these wafers. Sample
resistivity was measured by the four-probe technique. The
conductivity of the samples drops as the temperature de-
creases. The skin-effect can be neglected in this case. Indeed,
results of magnetic resonance studies on undoped spin
glasses with x = 0.4 were found to be analogous to results for
spin glasses with x = 0.46 and a doping level of ~2 and 5
mol.% Ag.

The magnetic resonance studies were carried out on an
automated Radiopan x-ray EPR spectrometer employing an
RCX-102 rectangular cavity with a g of 5-10°. The TE,,,
mode is the fundamental cavity mode. All measurements
were carried out at a microwave frequency near 9.1 GHz.

We designed a low-temperature spectrometer adapter
for experiments in the temperature range 4.2-300 K. This
unit consisted of a quartz Dewar vessel with a 10 mm outer
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FIG. 1. Temperature dependence of the resistance R of 22X 0.5 mm’
wafers of doped single crystals of the Cd, _,Zn,Cr, Se, system for x = 1
and 4 mol.% Ag (curve 1), x = 0.5 and 0.5 mol.% Ag (curve 2).
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FIG. 2. Temperature dependence of the width of the magnetic resonance
line I" of disordered magnets of the Cd, _ ,Zn,Cr,Se, system (I'* = 10
kOe): 1—x = 0.43 and 2 mol.% Ag; 2—x = 0.46 and 5 mol.% Ag; 3—
x =0.43.

diameter. The Dewar vessel was inserted into the cavity
whose walls were maintained at room temperature during
the experiment. Gaseous helium was pumped through the
Dewar vessel. The gas temperature was controlled by a tem-
perature stabilization system, which stabilized the tempera-
ture of the sample to better than 0.5 K. The sample could be
rotated about the vertical axis without removing it from the
cavity. The sample temperature was measured by means of a
Cu-CuFe,, thermocouple.

2. EXPERIMENTAL RESULTS
2.1. Studies of the magnetic resonance linewidth

Ordinary electron paramagnetic resonance with a tem-
perature-independent H, = w/¥ is observed in all samples
of the Cd, _,Zn,Cr, Se, system for different x and with dif-
ferent silver dopant levels at temperatures above 150 K. The
gyromagnetic ratio ¥ was found to correspond to a g factor of
1.98. The width I'y ~ 100 Oe corresponding to the peak-to-
peak distance of the derivative of the EPR line is associated
with ordinary dipole broadening, and decreases as the tem-
perature drops from 300 to 150 K due to exchange narrow-
ing.'® A further decrease in temperature leads to an expo-
nential growth in the resonance linewidth of disordered
magnets with x ~0.4. Anomalous broadening of " to several
kOe is observed in spin glasses at 4.2 K. Such broadening
becomes noticeable as early as temperatures ~37,.

The relation I'(T) is accurately described by Eq. (2)
for T> T, with a parameter I'; ~ 100 Oe, I'; ~ 10 kOe, and
T, ~T,, asshownin Fig. 2. The temperature dependences of

In[(I' = T'y)/T'; ] reveal a knee at a certain 7'~ T,. An ex-
trapolation of these relations from the high-temperature
range as T— 0 intersects the x axis at virtually the same point
for weakly and strongly anisotropic disordered magnets.
The values of parameters I'; are therefore not determined by
the magnitude of the magnetocrystalline anisotropy energy.

The table provides the parameter values for two SG and
a single disordered AFM with a concentration x = 0.43
close to the concentration range of spin glasses. We mea-
sured the Néel temperature T, of the antiferromagnets by
means of a rotating sample magnetometer as outlined in Ref.
17 and thereby identified long-range AFM-ordering. Analo-
gous results were obtained from spontaneous magnetostric-
tion measurements in AFM’s of the Cd, _,Zn, Cr, Se, sys-
tem. This measurement method is described in Refs. 18, 19.
The values of T, were determined for the SG’s from the
temperature dependence of the real y’ and imaginary y”
parts of the magnetic susceptibility in an 83 Hz alternating
magnetic field. ’

The magnetocrystalline anisotropy energies were mea-
sured by means of a rotating sample magnetometer. Results
from rotating sample magnetometer measurements of the
magnetocrystalline anisotropy energy were found to be in
good agreement with results from measurements of £, based
on the angular dependence of the resonance field H; ob-
tained by rotating the crystal relative to the external magne-
tic field. In this case the disk sample was rotated about its
axis of symmetry so that the external field remained per-
petually in the plane of the disk. Figure 3 shows such a rela-
tion for spin glass with x = 0.52 and 5 mol.% Ag at 16 K.
Clearly, the magnitude of the anisotropy field ~ 100 Oe and
the easy magnetization axis coincides with the [111] axis of
the crystal.

Studies of the temperature dependence of the magnetic
resonance linewidth of disordered AFM’s of the
Cd,_,Zn,Cr,Se, system have demonstrated that relation
(2) holds in this case at temperatures above the Néel tem-
perature. Here, the parameter I'; rises as x approaches the
concentration range of spin glasses. The parameter I'; that
characterizes anomalous broadening of the magnetic reso-
nance line in disordered magnets is therefore dependent on
their degree of disorder and is independent of the magneto-
crystalline anisotropy energy. This confirms the hypothesis’
that such broadening is due to the chaotic distribution of
local exchange fields in disordered magnets. These fields be-
come significant in magnitude at levels substantially above
the transition temperature T, or T due to the onset of long-
range magnetic order in the system.

2.2. Temperature dependence of the resonance field

The temperature dependence of the resonance field Hy
for w/2m = 9.1 GHz for spin glasses with x =0.43 and 2

TABLE 1. Characteristic parameters of disordered magnets of the Cd, _ ,Zn,Cr, Se, system.

x mol. % T, K Ty K To K Eq, Ty, kOe
erg-cm ™
,43 2 20 — 27 104 10
0,46 5 37 — 26 108 8
0,43 0 — 13 19 108 10
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FIG. 3. The resonance field magnitude as a function of the angle between
the direction of this field and the [011] axis of a crystal with x = 0.53
doped by 5 mol.% Ag at 16 K. The external field is parallel to the (110)
crystal plane.

mol.% Ag is shown in Fig. 4. This sample is a 3% 3% 0.4
mm? wafer with a plane parallel to the (100) plane of the
crystal. Resonance was observed in two cases: with an exter-
nal field H| parallel to the plane of the wafer and with an
external field H, perpendicular to this plane. The field direc-
tion in both cases coincides with the [100] direction of the
crystal. The relations Hy (T) were found to be in good agree-
ment with Kittel’s equations in both cases at temperatures
above 80 K:

(o/y)*=H, [Ht4n (n,—m)M], (5)
o/y=H,—4xn(n,—n)) M, 6)

where n and n, are the demagnetization factors of the sam-
ple parallel and perpendicular to the plane of the wafer; M is
the magnetization of the sample. Families of M (H) curves

Hg, kOe

H,, kOe
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FIG. 4. Temperature dependence of the resonance field Hg (1, 2) and the
effective external field H, (3, 4) for SG with x = 0.43 doped by 2 mol.%
Ag; 1, 3—field applied along the [ 100] axis of the crystal perpendicular to
the wafer plane; 2, 4—field parallel to the wafer plane and the [010] axis.

371 Sov. Phys. JETP 73 (2), August 1991

for different temperatures and wafer orientations relative to
the external magnetic field were measured to test these rela-
tions. The values of M(H, T), ny =0.1 and n, = 0.8 mea-
sured on the vibrating sample magnetometer, were substitu-
ted into Egs. (5) and (6). For 4mM < H, relations (5) and
(6) can be approximated by

H=~o/y—2aM(n,—n)+..., (7
H, =0/ t4aM (n,—n,). (8)

It is clear from Fig. 4 that these relations hold in the temper-
ature range 80—140 K. The experimental values are observed
to deviate from relations (5) and (6) at lower temperatures.
This is even evident in the fact that, rather than experiencing
a monotonic rise, the resonance field H, begins to drop off
sharply as T— 0 and even falls below w/ at temperatures of
less than 10 K. It was found that the experimental relations
Hp (T) could be described in a manner analogous to Eq. (1)
as follows:

(o/y)*=(HtH ) [H+H+4n (n —ny)) M], 9

o/y=H,+H~4x(n,—n) M, (10)

where H, is a certain external effective field that is always
positive and independent of crystal orientation relative to
the direction of the external magnetic field, if we take into
account the small, orientation-dependent addition H, of the
magnetocrystalline anisotropy field. Using the experimental
relations Hy (T) and M(H, T) we can determine the tem-
peraturerelations H, (T) from Egs. (9) and (10) for the two
cases where the externalfield is perpendicular and parallel to
the plane of the wafer. These relations, which are shown in
Fig. 4, do not coincide since H; depends on the magnetiza-
tion of the sample. The magnetization in the plane of the
wafer with a corresponding resonance field H| is lower than
in the direction perpendicular to this plane with resonance
field H, at the same frequency. Consequently, H; grows as a
function of the sample magnetization, as we see in Fig. 4.
Analogous relations H;(T) are observed for SG samples

H,, kOe
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FIG. 5. Temperature dependence of the effective internal field H, for spin
glasses with x = 0.43 doped by 2 mol.% Ag at a wafer thickness of 0.4 mm
(curve 1) and 0.8 mm (curve 2). The external field is parallel to the wafer
plane.
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FIG. 6. Temperature dependence of the resonance field for an ordered
ZnCr, Se, antiferromagnet. The external magnetic field is perpendicular
to the plane of the wafer along the [ 100] axis of the crystal (curve 1) and
parallel to the plane in the [010] direction (curve 2).

with different thicknesses, sample shapes, and concentra-
tions x. Figure 5 shows how H; depends on wafer thickness.

Unfortunately, only a qualitative analysis of these
H,(T) relations is possible. The temperature dependence of
H; is measured with different magnetizations and different
external magnetic field levels. An H, (T) relation measured
in a uniform external field would be physically meaningful if
it were possible to tune the microwave radiation over a broad
frequency range. Such an experiment cannot be carried out
on an x ray spectrometer. It is nonetheless possible to claim
that an anomalous shift of the magnetic resonance line has
been observed in the SG of the Cd, _,Zn,Cr,Se, system at
temperatures 7<37,. This shift is caused by the onset of a
certain effective internal field that is always directed parallel
to the external magnetic field.

Such a shift of the magnetic resonance line is found to
occur not only in SG’s and reentrant FM’s of the
Cd,_,Zn,Cr,Se, system, but also in spiral AFM’s. It sub-
sequently turned out that this shift is even found in disor-
dered FM’s and ordered ZnCr, Se, . Figure 6 shows the tem-
perature dependence of Hy for a ZnCr, Se, single crystal, a
spiral AFM with a Néel temperature 7, =21 K. The
Hg (T) relations for an ordered spiral AFM at temperatures
above the Néel temperature are clearly analogous to these
relations for spin glasses. Resonance is observed in AFM
only at higher microwave radiation frequencies for T'< T,
due to the gap in the excitation spectrum of the antiferro-
magnet.

H,, kOe H,, kOe

1L I 1 1 1 1
0 40 80 120 160 K

FIG. 8. Temperature dependence of the resonance field magnitude H,
along the [100] crystal axis for ordered FM’s: 1—x = 0 (magnetic field
perpendicular to the wafer plane), 2—x = 0.2 (field perpendicular to the
plane), 3—x = 0.2 (field parallel to the plane), 4—x = O (field parallel to
the plane).

Figure 7 shows the temperature dependence of the pa-
rameter H for antiferromagnets and spin glasses of the
Cd, _,Zn,Cr,Se, system. This figure shows H, growing as a
function the degree of disorder of the magnet and peaking in
the spin glasses. In this case doping, i.e., the magnitude of the
magnetocrystalline anisotropy energy, has no substantial ef-
fect on the H, (T) relations. Studies of the temperature de-
pendence of the resonance field in collinear ferromagnets for
x=0 and 0.2 have demonstrated that in this case
H,(T)=0.

The relations Hg (T) shown in Fig. 8 are accurately
described by the Kittel equations (5) and (6). We can there-
fore suggest that a resonance field shift of H; occurs in sys-
tems with noncollinear spin ordering and is absent in collin-
ear magnets. The behavior of the ordered spiral AFM
ZnCr, Se, is therefore analogous to that of spin glasses. This
hypothesis is consistent with studies of reentrant ferromag-

_ nets. Indeed, the magnetic resonance line shift in reentrant

FM’s occurs at temperatures rather close to the reentrant

FIG. 7. Temperature dependence of the effective field H,: a—for
reentrant ferromagnets and spin glasses for x =0.46 and 2
mol.% Ag (1); x=0.43 and 2 mol.% Ag (2); x =0.38 (3);
x =0.35 and 0.5 mol.% (4); b—for spiral AFM’s for x = 0.43
(1),0.46 (2),0.8 (3), 1.0 (4).

0 20 40 60 TK 0 20 40
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FIG. 9. Temperature dependence of the resonance field magnitude H (1,
2, 3) and the imaginary part y” (4) of the low-frequency magnetic suscep-
tibility for a reentrant FM with x = 0.35 and 0.5 mol.% Ag: 1, 2—exter-
nal field perpendicular to the wafer plane; 3—field parallel to the plane
(curve 2—H, for the fundamental magnetostatic resonance mode).

transition to the spin glass state, when regions with a chaoti-
cally-frozen local magnetization, i.e., short-range noncolli-
near order, occur in FM’s. Figure 9 shows H vs. tempera-
ture for a reentrant FM. Figure 9 also shows the temperature
dependence of the imaginary part y” of the low-frequency
magnetic susceptibility. The peaks of the temperature de-
pendence of y” correspond to the temperatures 7, =45 K
and T, = 14 K for transition to the FM state and to the spin
glass state, respectively. The relations Hy (T) were found to
satisfy the Kittel equations (5) and (6) in the temperature
range 80-150 K, with a noticeable resonance field shift of
H,(T) occurring at lower temperatures, as shown in Fig. 7a.
Note that the magnetic resonance line shift occurs in SG’s
and spiral AFM’s at temperatures substantially higher than
the magnetic transition temperatures T, and Ty, i.e., still in
the paramagnetic range. This phenomenon is therefore rela-
ted to the onset of short-range noncollinear order in the sys-
tem, when there are noticeable correlations between neigh-
boring spins.

I, rel. units

I, rel. units

| | |

2.3. Formulation of the phase diagram

We observed magnetic resonance in the AFM samples
in our experiments only at temperatures above Ty, exclu-
ding the strongly disordered AFM with x =0.43. AFM
resonance is not observed below the Néel temperature at
relatively low microwave frequencies in the x ray band due
to the gap in the elementary excitation spectrum of the anti-
ferromagnet. There is no such gap in spin glasses. We can use
this fact in formulating the phase diagram of the system. The
magnetic resonance line intensity / drops off in AFM’s and
SG’s with decreasing temperature, while the linewidth
grows in this case. As T— T * I-0. In spin glasses we have
T*<0,and in FM’s T*=T),.

Figure 10 shows the temperature dependence of the
resonance line intensities for SG’s and AFM’s. The tempera-
tures T* = T can be determined by extrapolating the rela-
tion I(T) —0. It would be possible to observe the reentrant
manifestation of magnetic resonance at temperatures ~ T,
corresponding to the transition to the spin glass state in reen-
trant AFM’s by further cooling below T',. We did not detect
a reentrant transition at temperatures 7>4.2 K, even in
strongly disordered AFM’s at values of x near the concen-
tration range of spin glasses. This transition may lie below
4.2 K, or its absence may be an anomalous property of spiral
AFM’s. This same result is obtained from measurements of
the relations y” (7). No low-temperature peak of the rela-
tion y” (T) is observed even in an AFM with x = 0.43. How-
ever, magnetic resonance was observed in this sample at tem-
peratures below Ty. The gap in the excitation spectrum of
this AFM already appears to be quite small in this case.

Figure 11 shows the phase diagram for the
Cd,_,Zn,Cr,Se, system plotted from low-frequency mag-
netic measurements (solid curves). The dashed curves
represent the relation 7 *(x) = Ty, plotted from the extrapo-
lation /(x) —» 0. The line T *(x) lies below the line 7 (x),
since the gap in the excitation spectrum of the antiferromag-
net may be quite small in some temperature range near 7.

There is one additional method of formulating the
phase diagram for reentrant ferromagnets, based on obser-
ving the magnetostatic modes excited in the ferromagnetic
wafer at temperatures 7, < 7'< T,. The temperature depen-
dence of Hy for the fundamental magnetostatic mode with
H perpendicular to the plane of the wafer is shown in Fig. 9.

FIG. 10. Temperature dependence of the magnetic resonance
line intensity I: a—for spin glasses for x = 0.46 and 2 mol.% Ag
(1), x=0.5 and 2 mol.% Ag (2); b—for spiral FM’s for
x=0.46 (1), x=0.5 and 0.5 mol.% Ag (2), x=0.52 (3),
x=0.8 (4).
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FIG. 11. Phase diagram of the Cd, _,Zn,Cr, Se, system: 1—T,, 2—T,,
3—Ty, 4—T*.

The magnetostatic modes vanish as 7— T, due to strong
damping of spin waves in the disordered magnet, which be-
comes a ferromagnet upon the return transition to the spin
glass state. We observed this phenomenon in different reen-
trant ferromagnets of the Cd, _, Zn, Cr, Se, system.

3.EXPERIMENTAL RESULTS

Research on single crystals of the Cd,_,Zn, Cr,Se,
system reveals that the anomalous shift of the magnetic
resonance line in spin glasses is due to the noncollinearity of
their magnetic structure. The effective internal field H, is of
an exchange nature and is unrelated to the magnetocrystal-
line anisotropy, the Dzyaloshinskii-Moriya interaction, or
the dynamic shift due to dipole broadening. The Cr** ions
are ordered at the octahedral sites of the spinel structure in
single crystals of the Cd, _, Zn, Cr, Se, system and therefore
form a simple cubic lattice. In this case dipole interactions
are not as significant as in spin glasses with a chaotic spin
distribution in the lattice.

Inhomogeneous spin precession is excited at magnetic
resonance in noncollinear magnets. An effective exchange
field acts on each spin under inhomogeneous precession.
Such a field may arise at temperatures above the noncollin-
ear magnetic ordering temperature, if short-range magnetic
order has been established in the system, i.e., if clusters with
a local noncollinear structure are formed. We know that
short-range order arises in SG substantially above 7, (Ref.
20). A pulsed stroboscopic analysis has revealed®' a broad
(~T,) temperature range above T, in which clusters of any
size may arise in SG of the Cd, _, Zn, Cr,Se, system. This
will cause a logarithmically slow magnetization relaxation
rather than an exponential relaxation to be observed over a
broad temperature range above T, in SG, as is the case in
systems with a single characteristic relaxation time. The
short-range order is characterized by the correlation func-
tion

Fo(T, H)=3"(5, §/S(S+1) (25+1), (1)
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i.e., the thermodynamic average of the scalar product of the
spin operators §; and §; at sites / and j. The function F; has
been shown to be related to the isotropic volume magneto-
striction AV /V of the paraprocess.?? This striction is pro-
portional to the product of F; and the volume derivative
dJ;/dV of the exchange interaction parameter J; between
spins at nodes / and j. The magnitude of the isotropic volume
magnetostriction of the paraprocess for an isotropic magnet
is determined, to within a factor of order unity, by the rela-
tion
AV ey
14 y ov (12)

where K is the uniform compression modulus. It is usually
sufficient to account for the interaction of nearest and next-
nearest neighbors in the sum over i/ and j. Isotropic volume
striction of the paraprocess is therefore determined by local
magnetization within a region of a size corresponding to a
few lattice constants.

The isotropic volume magnetostriction of the parapro-
cess in single crystals of the Cd, _,Zn, Cr,Se, system has
been demonstrated to be positive'®!° and equals ~3-10~*
for H~3 kOe. The crystal volume V grows under magneti-
zation, which leads to an increase in the ferromagnetic ex-
change interaction energy. One possible mechanism is that
the spin glasses of the Cd, _,Zn, Cr,Se, system experience
local strains under magnetization such that local changes in
exchange interactions serve to increase the local magnetiza-
tion components parallel to the external magnetic field. On
the average, the crystal undergoes isotropic bulk extension.

We use the following results to approximate the change
in the external field-induced average exchange interaction.
We know?® that the 7. of CdCr,Se, samples decreases
under isotropic volume compression in proportion to the
applied pressure p. The derivative dT,/dp in this case is
equalto — 0.82 kbar ~', while the uniform compression mo-
dulus K is 0.5- 10° bar. We estimate the average change in the
volume interaction energy with an average change in volume
of AV/V~3-10"*in fields of ~3 kOe in which magnetic
resonance is observed. We show in an average field approxi-
mation that

VIR AYVAR 35

op IV S(S+1)°
where z is the number of effectively interacting neighbors,
S = 3/2 is the spin of the Cr* * ions, and k, is Boltzmann’s
constant. We obtain the estimate xAJ~ 1.3- 10~ "7 erg from
Eq. (13). Such a change in the exchange interaction corre-
sponds to a change in the effective exchange field H.; of
magnitude

AH.;;=MzAJ[n(gus)*~0,5 kOe,
where n~ 10?? is the concentration of Cr** ions in the sys-
tem, p is the Bohr magneton, and the magnetization is
M =150 Gauss at H =~ 3 kOe. The correct order of magnitude
for H, is therefore obtained: H; ~ AH ., although in a more
exact calculation it is necessary to consider the inhomoge-
neous crystal strains arising in regions with short-range
magnetic order. Such local strains will depend on the exter-
nal field direction. On the average the crystal undergoes iso-
tropic striction whose magnitude is independent of the field
direction.

The question as to why H; is within an order of magni-

(13)
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tude for different spin glasses remains. We use results of a
hydrodynamic theory of spin glasses in disordered magnets
to answer this question.?*?* According to this theory, the
dispersion law of spin waves in an isotropic Heisenberg SG is

(ofy)*=k"p,/y, (14)

where k is the wave vector of the spin wave, p, is the spin
rigidity of the magnet, and y is its magnetic susceptibility.
The equation reported in Ref. 24 is used to estimate the spin
rigidity p, of the SG’s:

|:).<V-iZ'r”.z']ﬁ(Sh 8, (15)
i

where 7; is the distance between lattice sites i and j. The
modified exchange interactions resulting from magneto-
striction strains alter p, according to relation (15). Possibly
ps =0, holds when we have (J;) =0 in unstrained spin
glass (for H = 0). The theoretical results reported by Binder
and Young® support this conclusion. The equation from
Ref. 24 can be used to estimate p, in spin glasses for H = 0:

(ox®= ‘f oy’ (k, 0)do / 5 o'y (k,0)do, (16)

where y” is the imaginary part of the dynamical magnetic
susceptibility. We know that y” (») vanishes as w—»0in SG
for T<T,, and remains virtually constant at low frequen-
cies.” Consequently, the integral in the denominator of rela-
tion (16) diverges logarithmically at zero. It follows from
relations (14) and (16) that

o=y wx*>/y*=0,

i.e., the gap in the excitation spectrum of the SG is equal to
zero even for k #0. The spin glass undergoes an isotropic
volume striction AV /V when magnetic resonance is ob-
served in a magnetic field H = Hy. This shifts the exchange
interactions by AV(dJ;/V). A finite rigidity p, # 0 arises in
the system. A dispersion law has been derived®*** for spin-
wave modes polarized perpendicular to the magnetization
vector M:

o/1=p. k*/M, (17)
where p,, is the spin rigidity for spin-wave modes polarized
perpendicular to the magnetization vector. If the spin rigi-
dity goes from zero to Ap, upon application of magnetic field
Hg, the magnetic resonance for radiation of frequency w will
be observed for Hy = w/y — Aw/y, where

Aw/y=<k*Ap/M>«
is the average over all k where the spin-wave modes interact
efficiently with the microwave radiation. Microwave radia-
tion excites spin waves withk = + qin a spiral AFM with a
spiral propagation vector q, as demonstrated in Ref. 26. Ina
spin glass, the spin directions change randomly from site to
site in the crystal. We denote by L the average distance over
which the local magnetization reverses direction. L will be of
the order of the lattice parameter in concentrated and rather
homogeneous SG. Microwave radiation excites a broad
spin-wave packet with different k, where (k ) ~L ~'in spin
glasses. Using Egs. (15) and (17), we obtain an estimate for
H;, = Aw/y:

i
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We obtain from relations (12) and (18) for (k) ~L !
H~BM—'K(AV/|V)?, (19)

where B is a parameter characterizing the degree of noncol-

linearity of the magnet spins. Spin waves of a wavelength of
the order of the interatomic distances are efficiently excited
for L ~a. Ordinarily it is sufficient to carry out summation
in relation (18) over the first and second coordination
shells. Hence, from Eq. (18) after summation and averaging
over the vectors k we obtain relation (19) with the coeffi-
cient B~ 1. For L>a we have < 1. This case may occur in

inhomogeneous, cluster spin glasses. We note that
K(AV /V)?is the squared elastic energy density of the spin
glass related to magnetostriction stresses resulting form the
application of field H,.If this energy density is of order
MH , we then obtain from relation (19)

H~BHp (20)

This appears to be valid for disordered magnets with com-
peting ferromagnetic and antiferromagnetic interactions,
when the volume average satisfies (J;) =0 for H = 0. In-
deed, if the number of frustrated spins is of the order of the
total number of spins in the system, a relatively small stresses
suffice to produce noticeable FM pairing of these frustrated
spins with their neighboring spins. We can therefore expect
that the corresponding increase in magnetization AM due to
magnetostriction will be ~M(H). This explains why the
resonance field shift in different spin glasses is comparable in
magnitude to the resonance field H itself and is essentially
independent of the spin glass parameters.

4.CONCLUSION

It has been established from studies of magnetic reso-
nance in single crystals of the Cd, _ ,Zn Cr, Se, system that
the anomalous shift of the magnetic resonance line in spin
glasses can be attributed to the noncollinearity of the spins in
these disordered magnets. The effective internal field H, is
demonstrated to have an exchange character, and the magni-
tude of this field is found to be unrelated to the magnetocrys-
talline anisotropy energy level, the Dzyaloshinskii-Moriya
interaction, or the dynamic shift due to dipole broadening. A
method of formulating a phase diagram for reentrant disor-
dered magnets is proposed. In the case of reentrant AFM’s
the method is based on observing a gap in the excitation
spectrum of the antiferromagnets (thereis nosuch gapin the
excitation spectrum of spin glasses). In the case of reentrant
FM’s, the method is based on observing magnetostriction
modes excited in an FM wafer at temperatures above T, that
are not excited in spin glasses.

In conclusion the authors express their sincere grati-
tude to G. G. Shabunina for extensive efforts in synthesizing
single crystals of the Cd, _,Zn,Cr, Se, system and for pro-
viding the samples.
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