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A theory for the equilibrium low-temperature magnetizatidnof a diluted Heisenberg antiferromagnetic
chain is presented. Only the nearest-neighbtl) exchange interaction is included, and the distribution of the
magnetic ions is assumed to be random. Values of the magnetic Belalsthe magnetization stefMST's)
from finite chains with two to five spingairs, triplets, quartets, and quintetse given for chains composed
of spinsS=5/2. The magnitudes of these MST's as a function of the fractipof cations that are magnetic
are given for anys. An expression for the apparent saturation valu®ag derived. The magnetization curve,

M versusB, is calculated using the exact contributions of finite chains with one to five spins, and the “rise and
ramp approximation” for longer chains. An expression for the low-temperature saturation magnets;feld

of a finite chain withn spins is given. Some nonequilibrium effects that occur in a rapidly char®jarg also
considered. Some of these result from the absence of thermal equilibrium within the sample itself, whereas
others are caused by the absence of thermal equilibrium between the sample and its envif@gmédintid-

helium bath. Specific nonequilibrium models based on earlier treatments of the phonon bottleneck, and of spin
flips associated with cross relaxation and with level crossiagscrossingks are discussed. Magnetization data

on powders of TMMC diluted with cadmiurfi.e., (CH;),NMn,Cd; _,Cl;, with 0.16=x=<0.50] were mea-

sured at 0.55 K in 18-T superconducting magnets. The Beldt the first MST from pairs is used to determine

the NN exchange constatThis J/kg changes from-5.9 K to — 6.5 K asx increases from 0.16 to 0.50. The
magnetization curves obtained in the superconducting magnets are compared with simulations based on the
equilibrium theory. A reasonably good agreement is found. Data for the differential susceptitilitg B,

were taken in pulsed magnetic fiel(4-ms duratiopup to 50 T. The powder samples were in direct contact
with a 1.5-K liquid-helium bath. Nonequilibrium effects, which became more severedesreased, were
observed. Fox=0.50 the nonequilibrium effects are tentatively interpreted using the “inadequate heat flow
scenario,” developed earlier in connection with the phonon bottleneck problem. The more severe nonequilib-
rium effects forx=0.16 and 0.22 are tentatively attributed to cross relaxation, and to crogsiogs accu-

rately, anticrossingf energy levels, including those of excited states.>#e0.16 (lowestx), no MST's were
observed above 20 T, which is attributed to a very slow spin relaxation for pairs, compared to a millisecond.
A definitive interpretation of this and some other nonequilibrium effects is still lacking.
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[. INTRODUCTION magnetic material, on the other hand, contains numerous
types of spin clusters. Different cluster types give rise to
Spin clusters with predominantly antiferromagndidd=)  different series of MST's. In addition to exchange constants
interactions exhibit steps in the equilibrium magnetizationand anisotropy parameters, the MST’s also give information
as a function of magnetic field. These magnetizationconcerning the populations of the different cluster types. The
steps (MST’s) arise from energy-level crossings which populations are related to the magnitudes of the MST’s in the
change the ground state. They are observed at very low tendifferent series. The results for the cluster populations can be
peratures when only the ground state contributes to the magesed to check if the distribution of the magnetic ions is ran-
netizationM. In recent years MST’s have yielded a wealth of dom.
information about AF clusters, first in diluted magnetic ma- Most previous studies of MST'’s in diluted magnetic crys-
terials and later in molecular magnetism. An overall reviewtals were on three-dimension&BD) materialst although
of MST’s was published recentlyFor recent reviews of the some quantum wells were also studfe@ihe present paper,
magnetic properties of molecular clusters, including MST’'s, however, is devoted to MST’s from a diluted AF Heisenberg
see Ref. 2. chain (1D). The material studied is TMMCchemical for-
In a molecular crystal the AF clusters are normally all of mula: (CH)4NMnCls] which was diluted by replacing a
one type. The MST's then give values of exchange constanigrge fraction of the Mn atoms by Cd. Powder samples of
and anisotropy parameters for that cluster type. A diluted CHs),NMn,Cd,; _,Cl;, with x between 0.16 and 0.5, were
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investigated. In these materials the nonmagnetié Gdns A. The model
break the chains of M ions into finite segments. MST’s from finite AF chains were predicted decades
Pure TMMC is probably the closest approximation to anago®!” but some more recent theoretical results are also
ideal isotropic(Heisenberylinear AF chain. For reviews of useful. The simplest model for MST’s in a diluted magnetic
its magnetic properties, with extensive references to originaiaterial is the single- cluster modet. It includes only the
works, see Refs. 4—7. The 1D magnetic behavior of thidargest isotropic exchange constdrgnd the Zeeman energy.
compound is due to the crystallographic structure. It contain©ther exchange constants, and all anisotropies, are ignored.
chains of Mn ions which at room temperature are alongcthe This model, with the NN intrachain exchange constant cho-
axis of the hexagonal structure. The Mn ions in each chairsen asJ, is expected to be a good starting point for
are linked by Cl ions. The space between the combinedCHz)sNMn,Cd; ,Cl; (hereafter, TMMC:Cal All cluster
Mn-Cl;-Mn chains is occupied by tetramethylammonium Models are applicable only whexis not too high. However,
groups. for a diluted magnetic chaiflD) the singled model _it is
The strongest magnetic interaction in TMMC is the iso-€xpected to hold at least up xe=0.5. All the samples in the

tropic exchange between nearest-neighdé) Mn2* ions ~ Present study are in this range.

in the chain. The NN exchange constant, obtained from vari- !N thé singled model the magnetic clusters are finite

ous experimentée.g., Ref. 8, is J/kg=— 6.6 K, wherekg is chains, ea<_:h consisting ofcoupled spins. Thesg clusters are

the Boltzmann constant. Other intrachain exchange constan&rsealted as mdependent_. The tot_al_magne_hzah‘/llgs th_en the
. um of the magnetizations of finite chains with different

are believed to be much smaller, and are usually neglectei . A

The exchange interaction between different chains is order, e_t #n be the average magnetic mom_ent_of a chain with

. . T . X §p|ns, and leN, be the number of “realizations,” per kg, of

of magmtude smaller than the intrachain interaction, but is," . i \vithn spins. (N, may also be called the “popula-

responsible for the Iong-rang_e AF orde_:r below th_&el\tem- tion,” per kg, of finite chains wittn spins) The magnetiza-

peratureTy=0.84 K. The anisotropy in TMMC is mainly 5, per kg is then

due to the dipole-dipole interaction. It is of the easy-plane

type, and is two orders of magnitude smaller than the domi-

nant exchange interaction. M= Nogq. @

At room temperature both TMMC and its Cd analog

[ (CH5),NCdCk, known as TMCGQ have isomorphous hex- If P, is the probability that a spin is in a chain with

agonal structures(space groupP6g,). Crystallographic spins, and ifNyg is the total number of spins per kg, then

phase transitions at lower temperatures result in a lower sym- No=N-P-/n @)

metry, and in small structural differences between TMMC n— Ttotaltn fH

and TMCC?®'%~*?These differences are often assumed to beThe probabilitiesP,, are obtained from well-known resuft§,

unimportant, although it is conceivable that even small

; g1 2
changes in the crystal structure have some effect on the mag- Po=nx""(1-x)". (©)

netic behavior, especially on spin relaxation at low temperaThjs result assumes a random distribution of the magnetic
tures. ions. This crucial assumption is discussed later. Figure 1

Previous investigations of (GHLNMn,Cd;_,Clz in-  shows the probabilitieB,, for n<5, and the probability-
cluded measurements of the susceptibility and thellam-  that a spin is in a finite chain>5, i.e.,

perature as a function of (Ref. 13. These results were
interpreted theoretically both by the original authors, Dupas 5
and Renard, and by Haradd all* Susceptibility measure- P>5:1_; Pn=(6=5x)x". (4)
ments on a related diluted linear AF chaibMMC:Cd) were

obtained and interpreted by Schouttral1® The authors of From Egs.(1)—(3), the magnetizatioM is given by the
both Refs. 13 and 15 noted the difficulties of preparing alloydnfinite sum

with uniform Cd concentrations.

5

M= Nm@ X" 1= x) 2. (5)

Il. EQUILIBRIUM THEORY
In practice, exact results for the average magnetic mo-

In this section a theory for the low-temperature magneti-ment,un are available only for values @fwhich are not too
zationM of a diluted AF Heisenberg chain is presented. It is|arge (short chains The infinite sum in Eq(5) is therefore
assumed that the spin system is in thermal equilibrium with aruncated at some maximum valuemfcalledn,,,,. Chains
constant-temperature heat reservoir. This equilibrium theorwith n>n,,,, are treated using an approximatibrin the
is suitable for interpreting the data that were obtained in thgyresent work we chose,,,,=5 because exact results for
slowly varying magnetic field&‘dc fields”) of the supercon-  chains with up to five MA™ ions (S=5/2) were readily
ducting magnets. The additional considerations needed to iravailable from previous works*®
terpret the results obtained in pulsed fields, of several ms Whenx is below 0.50, less than 11% of the spins are in
duration, will be discussed in Sec. Ill. chains withn>5. For this range ok, the “rise and ramp”
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1.0 T T — T T T BF approaches saturation. After the BF saturates, there is a
magnetic-field interval in whichu,, is nearly constant. At
still higher B a series of MST's appears. The fields at these
08 - . MST’s depend om. Once this series of MST’s is completed,
J i, reaches its true saturation valpg max—=ngusS.

Whenn is even,S;(0)=0. Therefore, no initial fast rise
of u, occurs at lowB, in contrast to the case of odd
- . However, at high magnetic fields a series of MST's still ap-
04 _ pears. At the completion of this series,, reaches its true
saturation value.

n=1 n>5
0.6 | -

Py(¥)

B 2 i
02 3 | 2. Total magnetizatior
i 4 J Chains with all values of contribute to the total magne-
5 tization M. WhenkgT<|J|, the chains with odd values of
0.0 ! ! produce a fast rise dfl at low B. This rise follows the BF
0.0 0.2 0.4 0.6 0.8 1.0

for spin S. After this fast rise is completed, and before the
appearance of the first MST of significant size, there exists a

FIG. 1. The probabilityP,, that a magnetic ion is in a finite field interval in whichM stays approximately constant. This
linear chain withn spins. Results fon<5 are plotted as a function (nearly) constant value Mg, is the “apparent saturation
of the fractionx of cations that are magnetic. Also plotted is the value” (see Ref. 1 At still higher fields, MST’s series from
probability P 5 that a magnetic ion is in a cluster with more than chains withn=2 appear. Once the last MST of significant
five spins. size is completedyl reaches its true saturation vallvg). As

discussed later, the magnetic field required to saturate the

approximatiof can be used for theotal contribution from  magnetization of a chain remains finite even whenx, so
chains withn>5 [i.e., it approximates the remainder after thatM reaches true saturation at a finige
the sum in Eq(5) is truncatedl The approximation smoothes
the B dependence of this remainder, i.e., MST’s from chains C. Apparent saturation value
with n>5 are not resolved. This approagixact treatment
for n<5, and an approximation far>5) proved to be ad-
equate for interpreting the data obtained in dc magnetic M o= N0 sS 6)
fields. However, the interpretations of some data obtained in 0~ Mo B>
pulsed magnetic fields also used available theoreticathe apparent saturation value is
result€’ for n>5.

To implement the rise and ramp approximation, the so- ho1 )
called “short chain model’(Ref. 15 was adopted. This Ms:ngdd NigaX" (1=X)gugS, (7)
model is appropriate fax<<0.5 because more than 99.4% of
the spins are in chains witi<10, and more than 99.9% are where the sum is only over odd Therefore,
in chains withn=14. A chain with 14 spins is still short
enough to be described by that model. In the short-chain _
model the ground state &=0 has total spinS;(0)=0 MS/MOZn;;dd X1, (8)
whenn is even, ands;(0)=Sif nis odd. This simple result
does not hold for 3D materials, which is one of the reasond his infinite geometric series can be summéd,
why the rise and ramp approximation is simpler and much
more accurate for diluted chains than for diluted 3D materi- Ms/Mo=(1=x)/(1+Xx). 9
als.

The true saturation value of the magnetization is

It is noteworthy that an exact analytical expressionNy
was not obtained for 3D materialsA rough approximation

B. Qualitative shape of the magnetization curve was then used for the net contribution from clusters with
at low temperatures >Nmax- This approximation was used only fer<0.1. In
1. Clusters of one type contrast, Eq.(9) for a diluted chain is exact, within the

_ ) _ . . . framework of the short-chain model. It should be very accu-
Consider first an ensemble of identical finite chains, all gte forx<0.5.

with the samen. (In the language of Ref. 1, this is an en-
semble of “realizations” of a chain “type” withn spins) At
low temperatureskgT<|J|, the qualitative variation ofs,,
with B depends on whetheris even or odd. When is odd All chains withn=2 give rise to MST’s. The magnetic
the zero-field-ground-state total sg(0)= S aligns rapidly ~ fields B; at the MST’s from chains composed of spiis
at low B. This alignment is given by the Brillouin function =5/2 were given earlier fon=2 (pairs, or dimerg n=3
(BF) for spinS. The rapid rise ofu,, at low B ends when the (triplets, or trimer§, n=4 (quartets, or tetramersand n

D. MST’s from chains with n<5
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FIG. 2. Magnetic moment per clustes,,, for chains withn
<5 at T=0, plotted as a function of the reduced fiel
=gugB/|J|.

. cal
=5 (quintets, or pentamer$® For completeness, the values

of the reduced fieldb;=gugB;/|J| are repeated here.

For n=2 there are five MST’s ab;=2, 4, 6, 8, and 10.
For n=3 there are five MST’s are &;=7, 9, 11, 13, and
15. Forn=4 there are ten MST'’s &b;=0.95, 2.04, 3.39,
5.02, 6.87, 8.85, 10.88, 12.94, 15.00, and 17.07.r=eb
there are ten MST's ab;=4.62, 5.89, 7.18, 8.49, 9.86,
11.29, 12.83, 14.48, 16.24, and 18.09.

Figure 2 shows the zero-temperature valuesugfas a
function ofb for n=1, 2, 3, 4, 5. At finiteT the ground state
of a chain is not the only contributor ta, . It is then nec-
essary to include all energy levels in the calculationg.pf
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FIG. 3. (a) Calculated zero-temperature equilibrium magnetiza-
tion of a diluted linear chain witlx=0.5 as a function of the re-
duced fieldb. These results are f@=5/2. (b) Expanded view of
part(a) for the range of reduced fields relevant to the present work.
The values oh for the chains responsible for each MST are indi-
ted.

(AM) jise= M ox8(1—Xx)/(1+Xx). (10)

The linear ramp approximates the superposition of numerous
MST's from all chains withn>5. The ramp is given by

(AM)amd B/Bg)  for B<Bjq

M| (AM)amp  for B>Bs, (D

where

The procedures for such calculations were discussed in (AM)ams=P=sMo—(AM)ise= Mx>(6—4x%)/(1+X).

Ref. 1.

E. Rise and ramp approximation for chains with n>5

The total contribution of chains with>5 to M is ap-
proximated by a sum of two termgl) a fast rise at lowB,
which follows the BF for spinS and(2) a linear “ramp”
from B=0 up to an effective saturation fiek.

The fast rise at lovB is due to chains with odd, starting
with n=7. Its magnitude is

(12

The reduced fieldog(n) where the magnetization of a
finite chain withn spins reaches saturationt 0 increases
with n. However, in the limitn—c it is still finite,"*°
namely,bg(n=%)=8S. It can be shown that the depen-
dence ofbg(n) is given by the equation

bs(n)=8Scog(m/2n). (13
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For chains witm>5 the change of this function is only 7%. batic magnetization” has been observed many times in both

In the present case &=5/2, b(n) changes from 18.7 to dc fields and pulsed field§:2%:3233:36

20.0 whenn increases from 6 tee. The valuebs=19, cor-

responding to _ i
B. Some nonequilibrium models for pulsed magnetic fields

gusBs=191J], (14) 1. Classification of nonequilibrium behaviors

Nonequilibrium behavior in pulsed fields of milliseconds
will be used in Eqs(11) for the ramp. duration is relevant to the interpretation of the present pulsed
Figure 3a) shows the predicted zero-temperature magnefie|d data. For this purpose it will be useful to distinguish

tization curve forS=5/2 whenx=0.50. Figure &) is an  between three types of nonequilibrium situations.
expanded view for the range of magnetic fields relevant to (1) The spin-lattice relaxation is fast enough so that ther-
the present experiments. The integers in this figure are th@al equilibrium within the sample is established in a time
values ofn for the finite chains responsible for each MST. Which is very short compared to the pulse duration. The non-
equilibrium behavior is then due to an inadequate heat flow
between the liquid-helium bath and the sample, i.e., the
Some of the preceding results used the probabililes sample-bath equilibration time is not short compared to the
for a random distribution of the magnetic ions. Although apulse duration. The “inadequate heat flow” models are ap-
random distribution is often found in diluted magnetic mate-propriate for this situation.
rials, nonrandom distributions were also observdd. the (2) The time for establishing thermal equilibrium within
case of TMMC:Cd, difficulties of obtaining a uniform Mn the sample is not short compared to the pulse duration, but
distribution were reported in the literatute!® Therefore, the  there is adequate sample-to-bath heat flow. The nonequilib-
possibility of a nonrandom distribution cannot be ignored.rium is then governed by the slow spin-lattice relaxation pro-
The effects on the magnetization curve caused by departureesses. There are many such processes. Here, only spin-flips
from a random distribution were discussed in Ref. 1. Forassociated with level crossings or with cross relaxatioR)
example, a tendency of the magnetic ions to cluster togethewill be discussed’®
is expected to decreadé,. Both the time for reaching equilibrium within the sample
and the time for reaching a sample-to-bath equilibrium are

not short compared to the pulse duration. Some such cases
IIl. NONEQUILIBRIUM EFFECTS were considered in the literatui@313339

A. Nonequilibrium effects

F. Random distribution

Experiments are normally conducted with the sample in 2. Inadequate heat flow (IHF) models

contact with, or near, a thermal reservoir of constant tem- The phonon bottleneck phenomenon has been known for
perature, e.g., a liquid helium bath at a temperaliyg,. In  a long time?®#! Treatments of this phenomenon in the con-
some experiments the sample is not in thermal equilibriuniext of the magnetization process of magnetic clusters led to
either within itself and/or with the thermal reservoir. That is, the development of several IHF modé{g2313334The
the time for reaching complete equilibriufimoth internal and common feature of these models is that the spin and phonon
with the reservoiris not short compared to the time of the subsystems, within the sample, are very nearly in thermal
experiment. Such nonequilibrium cases require special corequilibrium. The spin temperatufk;, the phonon tempera-
siderations. ture, and the sample temperature are the same. However, the
Thermal equilibrium is usually maintained(if) the mag- sample and the helium bath are not in thermal equilibrium
netic field B is swept slowly (“dc fields”), and (2) the  (Ts#Tpa. Different IHF models treat the sample-to-bath
sample is in good thermal contact with the reservoir. Thesdeat flow differently. For a solid sample in contact with a
conditions are often fulfilled in superconducting magnetsliquid-helium bath the heat flow was assumed to be limited
when the sample is immersed in liquid helium. There arepy the Kapitza resistanéé?***Many of the qualitative fea-
however, exceptional cases of nonequilibrium behavior evetures of the magnetization curve are common to all IHF
for slowly varyingB and good thermal contact. These havemodels; they do not depend on the detailed treatment of the
been discussed extensively in connection with macroscopibeat flow.
qguantum tunneling. A well-known example is Because the sample is internally in equilibrium, the equi-
Mn,-acetate:?>~2° librium theory in Sec. Il still applies. The absence of equi-
Departures from thermal equilibrium with the reservoir librium with the helium bath enters only in the time depen-
due to imperfect thermal contact were observed and disdence(and, hence, thB dependengeof the spin temperature
cussed for a wide range of sweep ra@B/dt, from typical Ts. This dependence has been calculated using various IHF
sweep rates in “dc magnets” to the very fast rates in pulsednodels?”?°=3133 Approaching the energy-level crossing
magnet$®~3*The extreme case of a sample isolated from the(strictly, anticrossing associated with each MSTl de-
thermal reservoir(adiabatic conditionswas discussed by creases. After passing through the anticrossing regian,
Wolf long ago, assuming thermal equilibrium within the increases. If some heat flows between the sample and the
sample® The magnetocaloric effect leads to cooling whenbath then the latter increase is large enough Thas tem-
any one of the MST’s is approached. Such “cooling by adia-porarily aboveT ... Miyashita and co-workerShave called
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this behavior ofT, “the magnetic Foehn effect.” E/|J| (a) E/|J| (b)
TheB-dependencé&; can lead to the following qualitative
effects. A Al
(1) The dM/dB peaks are narrower than the thermal [ pair 41 S=1 pair Sp=1
width.
(2) The dM/dB peaks are asymmetric, i.e., the rise of , 0 2 0
dM/dB as the MST is approached is faster than the fall after
passing through the MST. This is true both for increasing and
decreasing. 0
(3) The magnetization andM/dB exhibit hysteresis. | 1 -1 1 1 -1
(4) Under some conditions, a small “satellite” MST ap-
pears after the main MST. All these effects have been ob- 1
served experimentally. 4

pair #2
3. Cross relaxation model

A severe nonequilibrium behavior, not explainable by IHF
models, was observed in pulsed field experiments by Ajiro
et al®” It was interpreted in terms of CR between pairs and ¢
singles, and also between the pairs themselves. More re | | -1
cently, CR was discussed in the context of tunneling ¢ 1 2 1 2
theory®®2CR can involve both ground and excited states. b=guyB/|J| b=gu.Bl|J|

CR is one of the mechanisms of spin relaxation. It in-
volves simultaneous spin flips in weakly coupled clusters. FIG. 4. Some CR spin-flip transitions which may lead to the
The model of Ajiroet al. also includes a single spin flip in P, peak indM/dB. This peak is aB=|J|/guz . (a) Simultaneous
only one of the clusters. The later is actually not a CR pro-spin flips in two pairs(b) Simultaneous spin flips in a pair and in a
cess, and is better described as tunneling. In this model thngle.
spin relaxation rate is appreciable only at some valueB. of

The simplified picture used in Ref. 37 ignored small levelpeaks were also discussed. These results are from a model
repulsions near level crossingsevel repulsion is included Which involves only singles and pairs. The model can be
in more detailed models that are based on tunnéfiid.In  extended to include other clusters.
this simplified picture the relaxation rate can be fast only if Some of the simultaneous spin-flip transitions which can
simultaneous CR spin flips, or a single spin flip, do notgive rise toPy, (the first of the ten second-harmonic pelaks
change the total energy of the spin system. For a single spi@re shown in Figs. @ and 4b). Note that in either case,
flip, in one cluster, this happens at energy-level crossings fogach of the two simultaneous spin flips increase the compo-
this cluster. These level crossings include those of exciteient of the spin alon® by one unit. Figure 5 shows a few
states. For CR between two weakly coupled clusters the
energy-level separation in one cluster should match a leve 6
separation in the other. The two clusters may be of the sam
type (e.g., two coupled paiysor of different types(e.g., a 4
pair and a single A similar criterion for energy-level sepa-

___.__alg_
Sy

rations applies to CR between three, or more, coupled clus 7
ters. I~
In the equilibrium theory, thelM/dB peaks associated
with MST’s from Mr?* pairs occur at fields K
. -2
gueBi=2i[J, (15)
wherei=1,2,...,(5+1). In the model of Ajiroet al. -4
these peaks from pairs are called the “fundamental” peaks,
and they are labeled &% . Specializing to pairs composed -6

of Mn?* ions, there are five such peaks. In addition to the
fundamental peaks, other peaks are also predicted. The mo  _g

pronounced are the “second harmonic” pedks, at fields 0 2 4 6
B,=m(B1/2), with m=1 to 10. The five peaks for odih b:g'”BB/l‘”

were observed clearly by Ajiret al. The peaks for evem

coincide with the fundamental peaks. FIG. 5. Some energy-level crossings which may contribute to

In addition to the second-harmonic peaks, fifteen thirdthe “fundamental” peak®;, P,, andPs, and to the “harmonic”
harmonic peak$,,; at By=k(B/3), were predicted. Many peaksPs,, Ps,, andP,;. ThePy, peak is thekth peak of theth
of these were also observed. Fourth and sixth harmonibarmonic in the model of Ajiret al. (Ref. 37.
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level crossings that may contribute to various peaks: the first TABLE I. Properties of the various samples. The Mn concentra-
three fundamental peak®,, P,, Pj; the third and fifth tion x, as determined from the magnetic susceptibiliBuscep?.
second-harmonic peakBg, andPs,; and the second third- and from atomic emission spectroscopy with inductively coupled
harmonic peakP,;. Cross-relaxation processes may alsoPlasma(ICP-AES. The magnetic field, is at the first MST from

contribute to some of the same peaks, e.gP4g. pairs, and the magnetic ﬁeIEllQUART is at the first MS_T from
quartets. Both fields were determined from dc magnetization data.

The NN exchange constadtwas obtained fronB;.
IV. EXPERIMENTAL TECHNIQUES 9 1

A. Sample preparation Sample X X B Jks  Biquarr

The procedure of growing crystals of TMMC:Cd followed No. Suscept.  ICP-AES (T) ® ™
Ref. 13. The samples were grown by evaporation from water* 0.16 8.85 —5.94
solutions of MnC}-4H,0, (CH;),NCI, CdCL-2H,0, and 2 0.22 0.22 8.70 —-5.85 3.8
some HCI. The solutions were maintained at 30°C. As alo* 0.22
ready noted, the Cd concentration in the crystallized sampleg 0.27 885 —5.04
is about 50 times larger than in the starting solufidfe 4 0.25 0.30 910 —611 43
Because the Cd concentration in the solution decreases rap« 0.28 890 —5.99 45
idly as the crystal growth progresses, a large solution volumeg 0.48 0.50 0.65 —6.48 4.4
(300 m) was used to crystalize a “product” of TMMC:Cd g« 0.50 9.65 —6.48 4.4
with a total mass of about 100 mg. The large starting volume
increased the uniformity of the Cd concentration in the
product. for these samples each valueois from susceptibility data

Physically, the product consisted of many needle-shapeg, 5 gifferent portion of the same product. Samples 4 and 4
crystals. The long dimension of a needig to 4 mm was a0 o different portions of the same product, as are
parallel to the hexagonal axis. The color gradually change amples 5 and’s

from pink towards white as the Mn concentrationde- X-ray powder-diffraction patterns were obtained at room
creased. Each of the magnetization measurements, in both perature using Cu-Kradiation. Data were taken on two
magnetic fields and in pulsed fields, used only a portion o amples from the same products as those of samples 1* and
the product, typically 30 mg. _ hiah. 2 (or 4%). The diffraction patterns for both samples were very
The Mn concentratiorx was determined from the high- q;ijjar t6 the pattern obtained, with the same equipment, on
temperature dc susceptibility=M/B, measured using a su- pure TMCC =0). No additional, or missing, diffraction

perconducting quantum interference device magnetometefo s were observed. These results are consistent with a
The magnetic fieldB=0.1 T was well within the range single crystallographic phase.

wherey is independent oB. In the temperature range from

150 K to 300 K, the data foy were well described by a sum o o

of a Curie-Weiss susceptibility and a constant due to the B. Magnetization in dc magnetic fields
diamagnetism of the lattice. The concentratiorwas ob- Magnetization data in slowly varying magnetic field®-
tained from the Curie consta@. Strictly, the Curie-Weiss called “dc fields”) were taken with a vibrating sample mag-
law is accurate Oﬂ'y in the limit of very hlgh temperatures.netomete,(vsm)_ The VSM Operated in 18-T superconduct_
The percentage error in the Curie constant, resulting from thghg magnets. The sample was in direct contact with a liquid
use of data between 150 K and 300 K, depends on the MAHe bath, which was in an insert Dewar. The temperature

concentration. Based on the results in Ref. 42, for the) 55 K was reached by pumping on thile bath. The field-
samples used here the error@ and hence i, was less  sweep time(zero to 18 T was about 1 h.

2%. The percentage error in the Curie-Weiss temperature
is larger than forC, but # does not enter into the determina-
tion of x.

Values ofx for several portions of the-100-mg product The differential susceptibilitydM/dB was measured in
obtained from a single solution were close to each other. Aulsed magnetic fields up to 50(500 kG. The techniques
quantitative comparison between experimental dc magnetizarave been described earlfThe shape of the field puls@&(
tion data and theoretical simulations was carried only forversus timg¢ was approximately a half cycle of a weakly
samples 2, 4, and 5 in Table I. To increase the confidence idamped sine wave, with a rise time of 3.1 ms, and fall time
this comparison, values of were determined for the very of 4.3 ms. For each sample, data were first taken with the
same three samples. As a check, the Mn and Cd weight pesample in the pickup coils, and shortly thereafter with the
cents for these three samples were also determined directyample outside the pickup coils. The signal from the sample
by atomic emission spectroscopy with inductively coupledwas obtained by taking the difference.
plasma(ICP-AES. The values ok deduced from ICP-AES The powder samples used in the pulse field experiments
were in reasonable agreement with the values from the susvere obtained by crushing the mm-size needles of the
ceptibility (see Table )L growth products. Each sample, consisting of 20 to 30 mg fine

The magnetization of several other samples,(3*, 4*, powder(grain size less than 0.1 mmwas placed in a thin-
and 5 in Table ) was also measured in dc fields. However, walled (0.25 mn) cylindrical capsule made of Delrin. The

C. Differential susceptibility in pulsed magnetic fields

224417-7



A. PADUAN-FILHO et al. PHYSICAL REVIEW B 68, 224417 (2003

T T T T The main features in Fig.(6) are (1) a fast rise ofM at
(a) 5 low H, (2) a large MST near 9 or 10 T, an@®) a smaller
MST near 4 T. There are also indications of other MST's at
higher fields. For example, sample 2, for which the data ex-
2 tend to slightly higher fields than for the other samples,
shows the beginning of a large MST near the top of the field.
(CH3)4NMn,Cd;_,Cl3 These main features of the dc magnetization curves agree
T=055K m with theoretical predictions for the equilibrium magnetiza-
_ : tion, such as those in Fig.(l3. The range of the reduced
5 #2,x=0.22 field b that corresponds to the experimental data in Fig. 6
1 #4,x=0.25 7] extends up to about 4. The exact maximum valuebdé
#5, x=0.48 slightly different for different curves in this figure.
The fast rise of thévl at low B corresponds to the align-
20 ment of the zero-field-ground-state sp&(0) of finite
chains with oddh. The main contribution to this fast rise is
from the singlesii=1). The large MST observed near 9 or
10 T corresponds, essentially, to the first MST from pairs
] (clusters withn=2). Other contributions to this observed
MST are from some longer chains that have a MST at nearly
— the same field. For example, the second MST from quartets
(chains withn=4) is predicted to occur at a field which is
only 2% higher than that of the first MST from pairs. Neither
the triplets 6=3) nor the quintetsi{=5) have a MST near
this field. The total contribution of chains witin>2 to the
- observed MST near 9 or 10 T is expected to be smaller than
the contribution from the pairs. The reason is that for
=0.5 the populationd\, of these longer chains are small
compared to the populatiod, of the pairs.
0 3 10 15 20 For sample 2, a substantial portion of the second MST
B(T) from pairs is also seen at the highest fields. The peak in the
o _ derivatived M/dB for this sample, near the top of the field in
FIG. 6. (@) MagnetizationM of samples 2 X=0.22), 4 & Fig. &0b), is close to the expected field for this MST, i.e.,

=0.25), and 5 x=0.48), measured at 0.55 K in dc magnetic _ " ' o
fields. The results have been corrected for lattice diamagnetism ar%Z_ZBl_ 17.4 T. The beginning of the second MST from

addenda. The SI unit APkg is equivalent to 1 emu/gib) The pairs is also_ seen in the derivative curve fo_r sa_mple 4.
numerical derivativedM/dB, of the magnetization traces. The de- 1 he relatively small MST near 4 T, seen in Figsajgand

rivative curves for samples 4 and 5 have been shifted upwards. (D), is identified as the first MST from the chains with
=4 (so-called “string quartety The first MST from the

capsule was immersed in a liquftHe bath which was main- quartets is predicted to occurBt=0.478,, whereB; is the
tained at 1.5 K. The Delrin capsule had a small hole at itdield at the first MST from pairs. The experimental results in

bottom. The holdcovered by a tissue papailowed a direct Table | are in reasonable agreement with this prediction. The

contact between the sample and the bath of superfluid h&&cond MST from quartets which, as alr;)ead_y noted, is pre-
lium. However, previous experiments have indicated that dedicted to occur at a field which is only 2% higher thBp,

spite such a direct contact the sample may not be in thermdyaS not resolved at 0.55 K. This was expected because at
equilibrium with the bath during the 7.4-ms field pufS&2 0.55 K the broadening of any MST due to the finite tempera-

ture (“thermal broadeningj is more than 10% oB;. The
third MST from the quartets is also predicted to occur within
the field range of Fig. 6. However, the predictions for this

20

15F

10 |-

M (Am* kg)

dM/dB (Am*/ kg T)

V. MAGNETIZATION IN DC MAGNETIC FIELDS

A. Experimental results MST were not fully confirmed by the data. For example, in
16 foat Fig. 6(b) the derivative curve for sample 5 exhibits a small
- Dross fealures peak near 15 T. For the same sample, the predicted field at

Figure 8a) shows magnetization data at 0.55 K for the third MST from the quartets is higher by about 1 T.
samples 2, 4, and 5. These “dc data” were actually obtained Some features of the experimental results in Fig. 6 depend
with a sweep rate of~0.3 T/min. No hysteresis was ob- on the Mn concentratior. The first MST from the quartets
served. Thdvery smal) corrections for lattice diamagnetism stands out more clearly asncreases. This trend is expected
and addenda are included in Fig. 6, so that the magnetizatidinom the probability curves in Fig. 1. The cluster populations
M is that of the MR ions. The numerical derivatives, N, are related to these probabilities by Hg). As x in-
dM/dB, of these curves are shown in Figlbp The Mn  creases, there is an increase in population ratipd\, be-

concentrationx, measured on the very same samples, aréween quartets and pairs, aity /N, between quartets and
given in Table I. singles. Therefore, a% increases, the MST from quartets
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FIG. 8. Comparison between the dc dataxer0.25 at 0.55 K
(solid curveg with a simulation based on equilibrium theory for the
Singled model (dotted curves The ordinate scales are fan
=M/M,, anddm/dB.

FIG. 7. Comparison between the dc dataxer0.22 at 0.55 K
with a simulation based on equilibrium theory for the single-
model. The left ordinate scale is for the normalized magnetizatio
m=M/Mg,, whereMj is the true saturation value. The right ordi-
nate scale is fodn/dB. Solid curves are from the data in Fig. 6
and the calculatet¥,. The dotted curves are from the simulation. M for the Mn concentratiorx. The simulations assume a
Only thermal broadening, at the actual temperature 0.55 K, is inrandom distribution of the Mn ions, and use the values of
cluded in the simulation. and x(Suscepd. given in Table | for that sample. Clusters

with n<5 are treated exactly, and the rise-and-ramp approxi-
stands out more clearly in comparison with the MST frommation is used for the total contribution of larger clusters.
pairs, and also in comparison with fast magnetization rise arhere are no adjustable parameters in the simulations.
low fields. For sample 2, wit,k=0.22, the agreement between ex-

Another feature that depends rirs the value of the mag- periment and theory is reasonably ga®dg. 7). The differ-
netic field at the large MST near 9 or 10 T. In FighBthe  ence between the measured and simulated magnetizations is
peak associated with this MST shifts to slightly higher fieldsa few percent. It is comparable to the total experimental un-
asx increases. The field at this peak is expected to be vergertainty, mainly from the uncertainty ir. The observed
close toB,. Numerical values as a function fare listed in  magnitude of the first MST from the pairs is in agreement
Table I. The change @, is attributed to a slight dependence

of the NN exchange constadton the Mn concentration. I LI I S B S
x=048, T=0.55K

2. NN exchange constant

The NN intrachain exchange constahtwas obtained
from the fieldB, of the first MST from pairs, using Eq15)
and assuming=2.00 for the M&* ion. Values ofJ for all -
the samples are given in Table I. The exchange constant fo=
x=0.5, J/kg=—6.5 K, is about 10% higher than fox =
=0.22. This 10% change is too large to be accounted for by g
the unresolved MST from the quartets. As already men- = 0.2
tioned, J/kg= —6.6 K for pure TMMC &=1). We are not
aware of any theoretical calculation of tkelependence of
in this system.

04

(L /z-01) gp/ wp

B. Comparison with simulations 0.0
0 10 20

Figures 7—9 compare the experimental results with nu- B(T)

merical simulations based on equilibrium theory for the
singled model(Sec. I). The comparison is for the normal-  FiG. 9. Comparison between the dc dataxer0.48 at 0.55 K
ized magnetizatiom=M/M,, whereM is the true satura- (solid curve$ with a simulation based on equilibrium theory for the
tion magnetization. The “experimental” curves use the measingled model (dotted curves The ordinate scales are fan
suredM (Fig. 6) and the calculated saturation magnetization=M/M,, anddm/dB.

224417-9



A. PADUAN-FILHO et al. PHYSICAL REVIEW B 68, 224417 (2003

with the simulation. However, the associated experimental " T ' T ) T "
x ~0.50 (a)

dM/dB peak is somewhat broader than in the simulation.
Physical mechanisms that broaden MST’s were discussed il
Ref. 1. In the present case thermal broadening at the experi
mental temperaturdl,=0.55 K, is expected to be the stron-
gest of these mechanisms. It is the only broadening mecha I
nism that was included in the simulations. Nonthermal
causes of line broadening include the dipole-dipole interac-%
tion and local strains associated with the random replace >
ment of Mn by Cd. Because nonthermal broadening was ne-%
glected in the simulation, it is not surprising that the
experimentaldM/dB peaks are somewhat broader. The nu-
merical differentiation oM with respect toB also broadens

the experimental peak slightly.

Figure 8 shows that fox=0.25 the agreement between
experiment and simulation is, again, reasonably good. How-
ever, the observedM/dB peak at 4.3 T, from the first MST
for quartets, is somewhat larger than expected. The simples
interpretation is that the number of quartets is larger than
given by a random distribution. The behavior of the deriva-
tive dm/dB near 15 T is attributed to the third MST from
quartets.

Figure 9 shows that the agreement between experimen I
and simulation forx=0.48 is only fair. The measured mag- &
netization is somewhat smaller than expected, over the entirr>
field range. In particular, the initial rise of the measured mag- %
netization is smaller than in the simulation. This discrepancy
suggests that the Mn ions have a slight tendency to bunct
together, compared to a random distributtollso, the peak
of dm/dB near 15 T is at a lower field than predicted for the = .
third MST from the quartets. The reason for this behavior is . ' :

unclear. In our view, despite these discrepancies the agree 5 10 15
ment between experiment and theory is still reasonable. B (T)
FIG. 10. (a) Pulsed-field data ofiM/dB for x~0.50 in both
VI. DIFFERENTIAL SUSCEPTIBILITY increasingB (“up” ) and decreasing (“down” ). The up and down
IN PULSED FIELDS traces are shifted vertically relative to each othéy. Expanded

view of a portion of the down trace. The calculated thermal width
Pulsed-field data fordM/dB were taken on powder (sB); at the bath temperatur€y,,=1.5 K is indicated. Dashed
samples withx~0.50 (from the same product as samples 5lines show some choices of baselines used to obtain the experimen-
and 5), x~0.22 (same product as 2 and*® and X tal widths of two peaks.
~0.16 (same product as*). As noted in Sec. IV, each

sample was in direct contact with a liquid-helium bath, main-display the large hysteresis in low fields. Data taken during

tained atT,=1.5 K. However, such a direct contact does the same field pulse, but which cover a much narrower range

not ensure thermal equilibrium with the bath during theof dM/dB values, are shown in Fig. (1)

7.4-ms pulse. Results obtained fox~0.16 during a pulse with a maxi-
The pulsed-field data are presented next. Nonequilibriunfnum magnetic fieldB,,,=17 T are shown in Fig. 12).

features are pointed out, and many of them are then intelzigure 12b) shows the decreasing-field portion of a trace

preted. However, some aspects of the nonequilibrium behahtained during another field pulse for which the maximum

ior are still not fully understood. field was 34 T[Unlike all the other pulsed-field data in the
present paper, the data in Fig.(b2have not been corrected
A. Experimental results in pulsed fields for the monotonic background, because no “background

) shot” (with the sample out of the pickup cojlsas taken in
Figure 10 shows someéM/dB data forx~0.50. Par@)  thjs case, Figure 13 shows an expanded, and slightly

of this figure shows an “up tracelincreasingB) and a  smoother, view of the field-down portion of Fig. (&2
“down trace” (decreasind®) obtained during the same field

pulse. Part(b) gives an expanded view of a portion of the _ _ .
down trace. B. Discussion of nonequilibrium effects

Results forx~0.22 are shown in Fig. 14). This figure The pulsed-field data do not provide any new information
covers the wide range afM/dB values that is required to about the exchange constaht However, these data show
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FIG. 11. Pulsed-field data afM/dB for x~0.22. (a) Overall

view, showing the large hysteresis below about 1(bJ Expanded FIG. 12. (a) Results forx~0.16, obtained during a field pulse

view of the field-up and field-down traces obtained during the samavith a maximum fieldB,,,=17 T. The up and down traces are not

field pulse. The low-field portion of the up trace is excluded. The upshifted vertically relative to each othdb) The down portion of a

and down traces are not shifted vertically relative to each other. trace forx~0.16, obtained in another pulse will},,,=34 T. This
particular trace, unlike all others, is not corrected for background.

interesting nonequilibrium effects. The discussion below fo-

cuses primarily onf1) those features of the data that indicate the peak near 10 T and near 5 T are substantially smaller than

the absence of thermal equilibriunt2) the change of the the equilibrium width at the bath temperature.

nonequilibrium behavior with the Mn concentratian and The “width” of a MST will always refer to the full width
(3) physical mechanisms that can give rise to such nonequiat half maximum of the associated peak diM/dB. The
librium effects. various contributions to the equilibrium width were dis-
cussed in Ref. 1. Often, temperature broadening is important.
1. x=~0.50 The thermal width at the temperatufds
Consider first those pulsed-field results in Fig. 10 that are (6B)7=3.5KsT/gus. (16)

below 15 T. There is a prominent peak near 10 T. It stands

out more clearly in the down traddecreasind) than inthe  Because nonthermal broadening mechanisms are also present
up trace. This peak corresponds to the first MST from pairsin equilibrium, the thermal width is a lower limit for the
The down trace also shows a smaller peak just below 5 Tactual equilibrium width. The calculated thermal width,
This smaller peak corresponds to the first MST from the(6B);=3.9 T for the actual bath temperatufg, = 1.5 K,
guartets. Although both of these peaks were also observed is shown in Fig. 1(b).

the dc data for the equilibrium magnetizatigrig. 6b)], at To obtain the experimental width it is necessary to choose
least two features of the pulsed-field data indicate departures baseline for the peak idM/dB. Such a choice is not
from equilibrium with the helium bath, &t,,= 1.5 K. First,  always obvious. In Fig. 1®), two possible choices for the
the up and down traces below 15 T are different, i.e., there ipeak near 10 T are indicated by the dashed lines 1 and 2.
an hysteresis in this field range. Second, the widths of botBaseline 1 leads to a full width at half maximum of 2.2 T.
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FIG. 14. The dc magnetizatidd at 0.55 K forx~0.16 (sample
FIG. 13. An expanded, and slightly smoother, view of the field- 1) Also shown is the numerical derivatinVdB. In the text,
down portion of Fig. 12a). some features of these equilibrium-magnetization data are con-
trasted with pulsed-field data on a similar sam@lgs. 12 and 18
Baseline 2 leads to a width of 1.9 T. On this basis we con-

clude that the experimental width is substantially smallerrlear 30 T. Compared to the first and second MST's from
than the eq_whbrlum W'dt.h' K is al airs, the third MST is less well defined. Specifically,
T_he choice of a baselme_for the peak near 5 T is alSo NOym/dB hardly decreases on the high-field side of the third
obvious. The particular choice shown as a dashed line lea ST. This behavior is explained by the three small MST's
to a width of 1.2 T. Although other choices may lead 10 g quartets, triplets, and quintets that are expected be-

Iarggr experimental W.idth’ it Seems that any reasonabIﬁNeen the third and fourth MST's from paitsee the MST's
choice will lead to a width that is smaller than the thermal ./ - i, Fig. 3. Forx=0.5 the predicted combined size

W.idth' Thus, the experimental Widt_hs of both of the peaks inof these three small MST’s is comparable to the size of one
Fig. 1Qb) are smaller than the width that would have oc- MST from pairs.
curred had the sample been in equilibrium with the helium
bath.
Figure 10 also shows the second MST from pairs, near 20
T. This peak is broader than the first peak from the pairs. A The absence of thermal equilibrium with the helium bath
significant feature of this peak is that it is asymmetric. As ais very evident in the pulsed-field data for=0.16.
function of time, the rise ofdM/dB as the peak is ap- (i) A pronounced hysteresis is seen in Fig(a)2
proached is faster than the fall after passing through the (ii) In the down portion of the pulsésee Fig. 13 the
peak. This asymmetry is observed in both increasing andvidths of the peaks near 10, 5, and 2.7 T are 1.4, 0.9, and 0.6
decreasing. An asymmetry of this type is expected from T, respectively. These values are small compared to a thermal
models that assume an inadequate heat (®ec. Il B). The  width of 3.9 T atT,,=1.5 K. A width that is smaller than
data in Fig. 10 therefore suggest that the nonequilibrium bethe thermal width implies a nonequilibrium behavior.
havior forx~0.50 is due to inadequate sample-to-bath heat (iii) The peak near 5 T is very pronounced in the pulsed-
flow. field data shown in Figs. 18) and 13, but is barely seen in
The IHF scenario can also account for the hysteresis bedc data on a sample from the same product. The dc data,
low about 15 T. When the thermal contact with the bath isshown in Fig. 14, should be representative of equilibrium
poor, strong magneto-caloric effects are expected from thbehavior. Therefore, the pronounced peak in the pulsed field
singles(clusters withn=1). These effects are analogous to data is regarded as a nonequilibrium effect.
those involved in the cooling of a paramagnet by adiabatic (iv) The second MST from pairs, near 18 T, is barely
demagnetizatiorfand warming by adiabatic magnetization observed in Fig. 1®), and the third MST from pairs, near 27
Of course, the actual processes in the present case are figtis totally absent. The corresponding field-up trdoet
truly adiabatic, because there is some heat flow between thehowr exhibits a similar behavior. Once again the pulsed
sample and the bath. In our view, no feature of the data irield data are contrasted with the equilibrium magnetization
Fig. 10 requires CR for its explanation. The observed nondata in Fig. 14. The latter data, which extend up to 17.5 T,
equilibrium effects seem to be explainable by an inadequatehow a significant portion of the second MST from pairs, and
sample-to-bath heat flow. they indicate that in equilibrium the sizes of the second and
Another issugnot directly related to the nonequilibrium first MST's from pairs are comparable. That is, unlike the
behavioy involves the third MST from pairs, seen in Fig. 10 behavior in pulsed fields, the second MST is not small com-

2. Nonequilibrium behavior for »=0.16
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pared to the first. In equilibrium, all MST’s from pairs are There is also an indication of a small peak near 2.0 T, which
expected to be comparable, which is inconsistent with thevould be attributed to larger clusters.
results of Fig. 1tb). Although the IHF scenario accounts for the fields of many
of the observed MST's, this scenario is very questionable for
this Mn concentration. Assuming that the Mn cations are
randomly distributed, the number of quartets %+ 0.16 is

The large hysteresis at low fieldsig. 12a)] is not un-  smaller than the number of pairs by a factor of 39. For sex-
common in pulsed field experiments on diluted magnetictets and octets the factors are xX.50° and 6x 10, respec-
materials?®®’In the present case the hysteresis is largely dugively. Therefore, unless the deviations from random distri-
to the slow response of the singles to the rapidly chanBing bution are extremely large, it should not have been possible
In the up portion of the pulse the alignment of the spins ofto observe MST's from sextets or octets if the behavior fol-
the singles is not completed unfd is above 10 T. In the lowed the IHF scenario. The first MST from quartets might
down portion of the pulse these spins remain largely aligneddiave been detectable, but it should have been very small
until B drops below 1 T. Fox~0.16, the majority of the compared to the MST from pairs. This was not the case in
spins(70% for a random distributiorare singles, so that the the pulse field experiment&igs. 12 and 18 As predicted,
hysteresis is very pronounced. the equilibrium data in Fig. 14, for nearly the sameandi-

MST’s from pairs and larger clusters stand out morecate that the first MST from quartets is much less pro-
clearly in the down portion of the field pulse because thenounced than the first MST from pairs.

3. IHF and CR scenarios for x20.16

singles remain largely aligned unfl drops below 1 T. For ~ In Fig. 12b) the first MST from pairs stands out clearly
this reason the field-down portion of the traces in Figs. 13ut the second MST from pairs is barely visible, and the third
and 12b) is discussed first. is totally absent. These results also are not well understood

Spin-lattice relaxation times are often longer for lower ~Within the IHF scenario, although some indication of such a
which is the likely cause of the more pronounced nonequibehavior appeared in simulations by Nakano and Miyashita
librium behavior forx~0.16 compared tx~0.50. An im- for iron clusters with ring structur&.
portant issue in the data interpretation is whether the spin- In the CR scenario the MST’s in Figs. (2 and 13(both
lattice relaxation is fast enough to maintain equilibrium for decreasingd) are interpreted as follows. The peak just
within the sample. In that case the IHF scenario would applypelow 10 T is the first fundamental pedk;, with some
(see Sec. Il B2 An alternative is a more severe nonequi- contributions fromP,, P35, etc. The peak at 5 T is the
librium behavior which is better described by the CR sce-second harmonic peaR,,,. The small peak at 2.7 T is the
nario, including single spin flips near level crossings of ex-third-harmonic peak,,; or the fourth-harmonic peaR,.
cited stategSec. Ill B 3.57:38 The broad peak near 6.6 T is possility;;. Because this

Below we consider both the IHF and CR scenarios for thenterpretation uses only pairs and singléd, is not open to
down portion of the pulse. The preferred scenario cannot bebjections based on the low populations of quartets and
chosen on the basis of the fields at which the MST’s occurlarger clusters. The CR scenario also accounts for some fea-
because the differences are often small compared to the eidres of the up trace in Fig. 1@. The large peak near 5 T is
perimental accuracy. However, the two scenarios lead to difattributed to the CR process of the type shown in Fig),4
ferent relative sizes of the peaksdi/dB. The poor agree- except that the directions of both spin flips are reversed. This
ment of the observed relative sizes with those predicted bprocess allows the singles to relax toward a state with a
the IHF scenario will suggest that the CR scenario is preferhigher magnetization. The magnetization of the pairs also
able for this Mn concentration. increases by this process.

Consider first the IHF scenario. In this scenario the mag- The process in Fig.(®) involves only one single and one
netization of each cluster type is the equilibrium magnetizapair, and is the simplest CR process between singles and
tion at T,. For the lowT, indicated by the small widths of pairs. It accounts for th&,,. More complicated CR pro-
the observed MST'¢in the down portion of the pulgethis ~ cesses can lead to other “harmonic peaks,” suchPag,
magnetization is that of the ground state. The largest peak iR 23, P34. These peaks are expected to be smaller Bhan
Fig. 12, just below 10 T, is mainly due to the first MST from The peakP,,;; may involve processes such as a CR between
pairs. The second largest peak, near 5 T, is the first MST pair and two singles, or between a pair and a single which
from quartets. It is predicted to occur at a field which is 0.48undergoes a double spin flip. The peRk; may involve a
times that of the first peak for pairs. The secail/dB  spin flip in a single and spin flips in two pairs, etc. In the up
peak from quartets should be at a field which is 2% highetrace the observed peak at 3.2 T, and the small peaks at 6.4
than the first peak from pairs. The structure of the peak neaand 7.4 T may correspond to th®;3, P,5, and Py, har-

10 T is possibly due to a superposition of these two MST’smonics. The peak observed near 10 T is a superposition of
although it is much wider than 2%. the first fundamental peak from paif3;, and the harmonics

In the IHF scenario the field at the first MST for finite P,,, P33, etc.
chains with evem can be estimated from the energy levels As already noted, in Fig. 1B) the second MST from
given in Ref. 20. Fon between 4 and 10, this field is nearly pairs is barely visible, and the third is totally absent. These
proportional to Irh. A similar approximate dependence pn results suggest that for=0.16, the spin relaxation for pairs
holds for AF rings(closed chains? On this basis the small in fields above 15 T is very slow compared to a millisecond.
sharp peak near 2.7 (in Fig. 12 is due to octets or sextets. As B sweeps through a region where a MST from pairs
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should have occurred, the pairs are unable to relax towards The main difference betweet~0.22 andx~0.16 is that

the new ground state. We speculate that the slow spin relaxer the higher Mn concentration there are still prominent
ation for pairs is mainly due to a reduction of CR betweenMST'’s above 10 T. Fok~0.50 the second and third MST’s
pairs and singles, and that this reduction is related to théom pairs are even more pronoundsee Fig. 1(a)]. These
saturation of the singles in fields above 15 T. CR betweemesults suggest that at these fields the spin relaxation rate for
different pairs, or between pairs and larger clusters, is expairs increases rapidly with Mn concentration. We tentatively
pected to become slower addecrease&' Among the three attribute this trend to the expected increase witbf the
samples, such CR processes should be least efficient for efficacy of CR processes involving pairs, and pairs and larger

~0.16. clusters.
4. Nonequilibrium behavior for »=0.22 5. Summary of the analysis of nonequilibrium behavior
Nonequilibrium behavior is also evident far=0.22. The A definitive interpretation of the observed nonequilibrium

large low-field hysteresis for this Mn concentration, in Fig. behavior in pulsed fields is still lacking. However, it appears
11(a), is somewhat similar to the hysteresis in Fig(@Zor  that for x~0.50 the nonequilibrium behavior is better ex-
x~0.16. In the up trace, the large peak near 4.5 T is identiplained by the IHF scenario. For=0.16 andx~0.22 the

fied as theP, peak, and is attributed to the cross relaxationdata are better explained by spin flips associated with CR
process in Fig. &), with the arrows reversed. and with level crossings. The data suggest that at the high

The down trace in Fig. Xb) exhibits large peaks near 8.9 magnetic fields where the magnetization of singles is satu-
T and 4.4 T approximately, and a small peak near 2.1 T. Theated, the spin relaxation rate for pairs increases rapidly with
widths at half height of these peaks, 1.3, 0.9, and 0.7 Tincreasingx. This increase is tentatively attributed to tke
respectively, are all much smaller than thermal width of 3.9dependence of CR processes involving pairs.

T at Tyan- These widths, which are similar to those for
~0.16, indicate nonequilibrium behavior.

The largest peak in Fig. 1), at 8.9 T, is undoubtedly the
first fundamental peak from pair$,. The second funda- We thank R. Muccillo(USP and J. A. Adario(MIT) for
mental pealP, is also observed near 18 T. The CR scenariox-rays measurements. The work in Brazil was supported by
predicts large second-harmonic pe#ks,, Ps, Pspat 4.5,  FAPESP(Funda@o de Amparo éPesquisa do Estado dedsa
13.4, and 22.3 T, respectively. These fields are close to 4.€aulo, Brazil under Contract No. 99/10359-7. The authors
13.4, and 21.8 T, of large peaks in Fig.(Bl The peak A.P.F., N.F.O.J., and V.B. acknowledge support from CNPq
observed near 2.1 T is consistent WRky,. It is possible, but  (Conselho Nacional de Desenvolvimento Ciéioti e Tecno-
far from certain, that the small peaks at 6.2 and 12.0 T aréogico, Brazi). Travel funds for Y.S. were provided by
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