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Quantum jumps in the magnetization of a magnet with antiferromagnetic impurities
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The differential magnetic susceptibility of Gd;_,Fes0,, (0.01<x<0.2) polycrystalline compounds is
studied in the temperature range 0.6 to 4.2 K and in pulsed magnetic fields up to 50 T. The magnetization of
the compound with the lowest Gd contemt<{0.01) shows instead of a classical, a quantstepwise phase
transition to a completely saturated ferromagnetic phasé€=a.6 K, in magnetic fields around 33 T. To
explain these results, a Heisenberg ferrimagnetic model with weakly coupled antiferromagnetic impurities is
used. Following this model, the nonequidistance of the energy levels of the impurity ions causes the occurrence
of susceptibility oscillations under a variation of external magnetic fields.
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INTRODUCTION magnetic matrix. The main aim of this work is to demon-
strate that under certain conditions, as predicted in Refs. 6
Diluted magnetic impurities embedded in a crystal matrixand 7, these oscillations appear due to quantum transitions
can play an important role as a local sensor, giving informabetween discrete &+ 1 energy levels of the impurity spin.
tion about the intrinsic magnetic features of the matrix. TheOur paper deals with the investigation of the differential
impurity alters the spectrum of the magnetic excitationsmagnetic susceptibility(y) of Gd,\Y;_ FeO,, ferrites at
leading to the addition of local or quasilocal energy levelsvery low temperaturegdown to 0.6 K in pulsed magnetic
due to the interactions between impurity and matrix. As &fields (up to 50 1. Forx=0.01 the splitting of they peak in
result, the study of these levels can give detailed informatiorio two peaks is evident when temperature is decreasing and
about these magnetic interactiorfsThe presence of impu- points to the quantum character of the Gd impurity magne-
rities moreover can drastically change the thermodynamidization process.
properties of the matrix, causing unusual field and tempera-
ture depe_ndencies of the magnetization, magnetic resonance EXPERIMENTAL RESULTS
and specific heat.®
In the early 1970s another type of macroscopic quantum The  differential ~ magnetic ~ susceptibility = of
phenomena was predicted giving rise to field induced oscilGd,Y;_4F&0;, (x=0.2;0.01) was studied in pulsed mag-
lations in the specific heat and susceptibility of materialsnetic fields up tougH=50T in the temperature range 0.6
with a ferromagnetic matrix and antiferromagnetic <T<4.2K. The GqY;_,F&0,, ferrite-garnets were the
impurities®’ These oscillations are the direct consequence ofame as used in Ref. 8 and were prepared by standard ce-
the magnon-magnon interaction between the matrix and theamic technology from high purity oxidesare earth impu-
impurity,® which causes an unequal spacing of tH&21  rity content<<10 3%). In order to obtain homogeneous ma-
impurity energy levels wherg, denotes the impurity spin. It terial, the ingots were crumbled to a fine powder and then
is important to note that such oscillations represent anothelemelted up to five times. Cylindrical ingots were 15 mm in
type of non-cooperative quantum phenomena, because miength and 5 mm in diameter. The impurity content was mea-
tual interaction between the impurities leads to a quicksured after the final annealing of the ingots by x-ray lumi-
broadening of the impurity energy levels and can suppress atlescence analysis and mass-spectrometer analysis.
anomalies of the thermodynamic properties. Pulsed magnetic fields were generated by the discharge of
The first attempt to discover these oscillations was made@ condenser bank into a wire-wound multiturn coil; the du-
shortly after the theoretical prediction. The differential mag-ration of the field pulse was about 26 h¥he susceptibility
netic susceptibility of Ggv';_,Fe;0;, (x<0.2) polycrystal- was measured using a pulsed inductive magnetometer of an
line samples was studied @k 5 K in pulsed magnetic fields “open” type.l® Analog to digital transformation of the
up to 50 T® No evidence of oscillations was observed even adM/dt and dH/dt signals was carried out by means of a
the lowest impurity contentx=0.01) and temperatur@.6  Bakker 256 transient recorder with 12-bit resolution at 300
K). On the other hand, the experiments did not reveal th&Hz. The sensitivity of the inductive sensor to a magnetic
classical result for low impurity contenk&0.05), because moment was around 16 emu in fields above 30 T.
in that case the field intervalH, where the spin reversal It is well establishell that the magnetic structure of
takes place, does not depend on the impurity content. Moresd,Y 3 F&s0,, in an external field up to 50 T can be de-
over, forx=0.01 the value ofAH is five times larger than scribed in the terms of a two-sublattice model. One sublattice
predicted by the classical approdtfihis result contradicts forms the F&" ions and its magnetic moment Mg=5ug
the classical molecular-field theory, but is in accord with theper formula unit. The other sublattice is formed by the*Gd
microscopic modet:’ ions and has a magnetic moméig,= (7x) ug per formula
In this work we present the direct observation of field unit wherex is concentration of the impurity. The antiferro-
induced oscillations of the impurity susceptibility in a ferri- magnetic exchange interaction between these two magnetic
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FIG. 1. Field dependence of the differential magnetic suscepti-magnetic structure in different fields.

bility for Gd,Y; ,Fe;0;, samples afT=4.2 K with different Gd

concentrations: x=0.2 (a) andx=0.01 (b).
@ ®) data from Ref. 8Fig. 2). Both data sets coincide well and

subsystems leads to antiparallel alignmenivigf, andM o4 at the small discrepanc{~5%) can be attributed to the differ-

H=0, and|M 4 <|Mgd for x<0.62* According to classical €nce in field calibration. _ _
approachH>'? the application of an external magnetic field Figure 3 shows the field dependences of the differential

causes the reversal of thdg, in the field H;<H<H,, Mmagnetic susceptibility for the Gg,Y; of&:0;, cOMpound,
where H, ;=Hg [ 1+ Mgy/Mr—here H,, is the effective Measured at three different temperatures. The temperature
field of the Fe-Gd exchange interaction. As a result, withindecrease leads to a reduction &H, but its value atT

the classical model, the rotation of both moments takes placg 0-6 K is still much larger than predicted by the classical
in this field interval and the total magnetic momeit model(~1 T). This is an essential deviation from the classi-

—Mget+Mgg is practically linear. So, there are no oscilla- cal approach, as n(_)ted in Ref. 8. Moreover, the_ temperature
tions of susceptibility in the field intervalH=H,— H . prpduces substanngll .changes in the su;cepubﬂny of the
A first set of measurements was carried out for bothMixed gamet: the initial broad peak begins to splitTat
samples x=0.2;0.01) aff=4.2K in order to reproduce the — 1-2K and there are already two well defined peakd at
results reported in Ref. 8. The field dependences of the dif=0:6 K- Small anomalies of theM/dH at this temperature
ferential magnetic susceptibility=dM/dH is presented in N field below 29 T and above 38 are not reproducitife

Fig. 1 for both samples. These curves are used to determifg@ntrast with two central peaksThis is the noise caused by
the values of the critical fieldsi, and H,, which delimit mechanical vibration of the measuring cell, and it becomes

fields, where the reversal of the impurity magnetic momentd@rger with the temperature decrease. To improve the signal/
occurs. The field values at half-height of the susceptibility"0iS€ ration, the data obtained &&=0.6K were averaged
peak were taken to defirté; andH, (see Fig. 1 It is well

known that in fields at low temperature in fielt<H, and ' ' T
H,>H, the garnet susceptibility is smalless or around

10~ %) and slightly depends on magnetic fiéfdn these two oo | Fleerenledln ]
cases collinear magnetic structure exist: ferromagnetic below@
H, and ferrimagnetic abovie,,* and magnetic susceptibil- 5

ity is determined only by paraprocesses inside the rare eartl‘g
and the iron subsystem.Within the field rangeH,<H -
<H, the susceptibility is much larger due to appearance of’§ 0.04
noncollinear magnetic structure of the magnetic moments ©
Mee.andMgq, and has to be constant, when the temperature
broadening is neglected. The area, where a noncollinear
phase exists, is much smaller for the 0.01 sample, due to
the reduction of the Gd content. At the same time, the ob- .
servedAH value for this compound is five times higher than 28 32 36
the value predicted by the classical motfet? bk (T)

The fieldsH, andH,, derived from our experiments, are
plotted in the field-temperature phase diagram of FIG. 3. Field dependences of the differential magnetic suscepti-
Gd,Y;_,Fe0;, for x=0.01 andx=0.2 together with the bility of a Gdy .Y, ed €01, Sample at different temperatures.
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over seven pulses in contrast with=4.2 K, when this pro- In spite of the fact that the model is developed under the
cedure was done only over two pulses of magnetic field. approximation that the impurities substitute the matrix ions,

The observed splitting of the susceptibility peak for thethis approach seems to be applicable in cases when impurity
Gdh 1Y 2 of6:0;, sample afT=0.6 K points to the appear- ions are located in interstitial positions, like Edions in
ance of a qualitatively different, purely quantum, feature inGdY 34 FesO1,. This is one of the results of Ref. 6, where it
the magnetization: the stepwise behavior as predicted iwas found that only long-wavelength magnons with
Refs. 6 and 7. The next section is devoted to numerical Simu=zS »Jo are significant for the magnon-magnon interaction
lations, based on the models described in these two publicéetween the matrix and impurity spins. For such long-wave
tions. We will start with the simplest mod&lvhich demon- magnons, the short-range order in the magnetic unit cell be-
strates well the physical mechanism of the susceptibilitycomes unimportant, because all phenomena are determined
oscillations in a magnet with antiferromagnetic impurities. by the averaged characteristics of the unit cell. In this case
After that more complicated calculations will be presentedthe ferrite matrix becomes equivalent to a ferromagnet with
based on the advanced modeThese simulations show total spinS=S,—S;, and real location of the impurity spins
qualitative agreement with our experiments, confirming thedoes not play an important role.

guantum phenomenon. One can see from Eqla) that the energy levels are not
equally spaced ifr is nonzero. The difference between the
DISCUSSION ground level M=2S;) and the first excited levelnf=2S,

—1) is smaller then that between the first and second excited

Let us consider a two-sublattice model for a garnet withlevels, and so on. As a result, by increasing the magnetic
nearest-neighbor interaction in a cubic lattice. The two subfield, the magnetization of the impurity spins becomes step-
lattices (with the spinsS; and S,) alternate in such a way like and the differential magnetic susceptibility exhibits
that the nearest neighbors always interact with the other sulpeaks.
lattice. The impurity spinsS, are weakly coupled with the The free energy of a matrix with an ideal gas of noninter-
matrix |Jo|<|J|, whereJ>0 is the exchange integral be- acting impurities can be described as follows:
tween the matrix spin§; andS,, coupled antiferromagneti-
cally andJ, is the exchange integral betwe&g and S; or
S, (these matrix spins are also coupled antiferromagnetically
with the impurity spin. The impurity concentration is so
small that one can consider all impurity ions as noninteract- T FswtFim, (23
ing; the temperature is assumed to be low compared with the o .o
Curie point (T;) of the pure material T<T.>J, but the
relation betweerm andJ, can be arbitrary The spin-wave € max
approximation that was used in Ref. 6 to describe the matrix FSWZTJ In(1—e #)p(e)de, B=1KT,
allows only small deviations o8, andS, from full satura- oH

1
F=— EzJ§+szossJ—gHMBs— gomgH Sox

tion. The deviations from the impurity ¢ state (where 25,
My=—S), however, can be large. The impurity states are E. =—xTIn e Bem 2b
described exactly, but the interaction of a well-localized im- m mE:o ' (@)

purity spin with the boson field of the matrix magnons is
solved using standard perturbation theory.

According to Ref. 6, the solution of the Scklinger equa-
tion atJy,>0 shows that there is no damping of the impurity
states and that the impurity energy levels are given by

Here the ferrite-garnet is considered as ferromagnet with to-
tal spinS=S;—S,. The first four terms in Eq(2a) corre-
spond with the free energy of the unperturbed initial states of
the matrix and the impurity spins. The tefffy,, in Eq. (23
describes the contribution of the spin wayesgnons of the
continuous spectrum p(e) is the energy density of spin

em=M(gougH—v)+ %m(m—l)a, (la  wave states in the presence of impuritieEhe last term in
this equation shows the contribution due to the local levels of
where the impurity. We have omitted the terfy,, in our calcula-
tions, because it leads only to some renormalization f&ctor.
y=2S3+Sa. (1b)  Then the magnetization curve can be determined from Eq.
(2a) by
and
M= —dF/dH. (3)
a=12(J)%(ly—1)/J. (10

Finally, to make comparison with our experimental data we
Herez is the number of nearest neighbogs, is g factor of  usedy=dM/dH.
the impurity ion,ly is the Watson integrawhich is equal to Figure 4 shows the calculated curves of the differential
1.515, 1.393, and 1.345 for the simple cubic, bcc, and fcenagnetic susceptibility of the GdiY, &0, Sample at
lattices, respectively S=S,—S; and m=S;—M,. The different temperatures. It is evident from this figure that the
term « describes the magnitude of the magnon-magnon inmodel shows small ripples on the susceptibility peakT at
teraction between the matrix and the impurity. =0.6 K and only a further temperature decreageto 0.2 K
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FIG. 4. The differential magnetic susceptibility versus field for
Gdy 01Y 2 9F &0, at different temperatures calculated in the frame-
work of model(Ref. 6. The parameters used in the calculation are
a=1.2cm?, Jo=35cm?, J=25cm?, andz=7.

FIG. 5. The differential magnetic susceptibility versus field for
Gdy 01Y 2.0 60, shown at different temperatures calculated within
the framework of mode{Ref. 7). The parameters used in the cal-
culations area=1.2cm?, Jo=35cm?, J=25cm?, z=7, «
=0.59, andR=200 A.
leads to well pronounced oscillations. The total number of
the susceptibility peaks is equal td 8,,=7, in contradic- 1 1
tion with the two peaks observed in our experiments. The em=Mey+ SI(I=1Da+ 5 (m=DH(m=I-1)ax(+1)
temperature increase leads to broadening of the impurity lev-
els and, as a result, to smoothing of the magnetization curve.
Indeed, in order to get well pronounced oscillationsydhe X
temperature must be significantly less thanwhich in fact
determines the separation between two neighboring peaks heres,, »1, 1 is the Kronecker symbol and the energy levels
the susceptibility. are assigned by the second indein accordance with the

The discrepancy between the simple m8delpeaksand  classification given in Ref. 7. In other words, for givem
experiments(2 peaks is probably caused by ignoring the (0=m=4S, for a pai), some of the levels with the initial
interaction between impurities in the simplest model. In-energye,, [see Eq.(2a)] break into a number of sublevels
crease of the impurity concentration must lead in the limit tocorresponding to a different distribution of magnons over the
impurity bands instead of levelsin this transition to an pair of impurities. The parametdrdescribes a number of
impurity band, the levels will broaden which can prevent themagnons for one impurity (€1<2S,). The parameters,
appearance of the susceptibility oscillations. In what follows.and e are given by formulas
a more sophisticated model will be usedhich considers an

|
1- E)8R5m,2|+1' (6)

ideal gas of impuritypairs in a ferromagnetic matrix. e1=0gougH—2S3— Soa, (7)
In the latter model, they took into account the interaction

between impurities, which leads to the formation of impurity (Jo)2 n e R Jo

pairs and introduced the terf,(R) describing the free en- stzS)T 17 R Kzznj (8

ergy of the impurity pair. As a result, the term,, [see Eq.
(2b)] is replaced by the ternfF,,;, taking into account a Heren is equal to 2 and 3 for the bce and fec lattices, re-

average distance between impuritiesRg~c~ 3. In addi-
48, tion, it is assumed in Ref. 7 that/¥ k<1, i.e., the radius of
Fo(R)=—TlIn 2 2 exp(— Bem), (4) the bound state is small in comparison with the average dis-
m=0 |

tance between impurities. This condition is fulfilled for the
garnet withx=0.01(R,~1.5-1.9;R,~6.7). Figure 5 shows
« the results of the calculated field dependence of the differen-
_f Fo(RW(R)AR, W(R)=xexp(—4mxR3/3). tial magnetic susceptibility of the Gg,Y» od~6,0,, Sample,
2 taking into account the concentration broadening. The pa-
©) rameters used for this simulation are presented in the figure
caption. It is evident that this model approaches the experi-
here e, are the energy levels of the bound states at thenent much better; one initial peak of susceptibility Tt
impurity pair, andR=r,;—r, is the distance between two =4.2 K splits into two peaks at=1.5K andT=0.6 K. Fur-
impurity ions(the lattice constant is assumed equal to Unity ther temperature decrease causes additional splittin§ at
W(R) is the probability of finding the second impurity at the =0.2 K. One can conclude that interaction between impuri-
distanceR from the first one: ties drastically changes the susceptibility pattern. Instead of 7

Floc=
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susceptibility peaks it is possible to observe two or fourmation to a real picture of this phenomenon, and on the next
peaks depending on temperature. Nevertheless, the stepwisiage a more realistic model based upon the results of this
character of the magnetization curve remains and the diffework should be developed, which could take into account
ential magnetic susceptibility manifests quantum oscillationglusters of impurities, the realistic magnon spectrum, etc.

in fields nearugH~32T. This effect has a general character and may be observable
under certain conditiongsee Refs. 6)7in a large number of
CONCLUSION ferro-or ferrimagnets with antiferromagnetic impurities.

The appearance of field-induced oscillations in the mag-
netic susceptibility of a magnet with antiferromagnetic im-
purities is reported. This is a noncooperative quantum phe-
nomenon, predicted a long time ago in Refs. 6 and 7. The authors are thankful to B. V. Mill for preparation of
Numerical simulations, made in the framework of the sophisthe specimens, V. A. lvanov for fruitful discussions, and L.
ticated modé€lshow a qualitative agreement with the experi- Weckhuysen for assistance during the experiments. The Bel-
mental results, confirming this quantum phenomenon. Thegian IUAP, the DWTC, the Flemish GOA and FWO pro-
used models represent, to our mind, only the first approxigrams are supporting this work.
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