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We have performed detailed magnetic susceptibility measurements as well as synchrotron x-ray-diffraction
studies to determine the temperature vs concentrafier) (phase diagram of Gu,Mg,GeQO;. We observe
clear double peaks in the magnetic susceptibility implying two antiferromag@ctransition temperatures
in samples with Mg concentrations in the range 0.628%0.0271. We also observe a drastic change in the
inverse correlation length in this concentration range by x-ray diffraction. The drastic change of the AF
transition temperature as well as the disappearance of the spin-Peierls phase have been clarified; these results
are consistent with a first-order phase transition between dimerized AF and uniform AF phases as reported by
T. Masudaet al.[Phys. Rev. Lett80, 4566(1998]. The T-x phase diagram of Gu,Zn,Ge0; is similar to
that of Cy_,Mg,GeO;, which suggests that the present phase transition is universal for, AuGeG;.

[. INTRODUCTION ance of the SP-LRO at=x.. More importantly, we have
found that the SP correlation length for a giverbecomes
The discovery of the inorganic spin-PeietBP cuprate long range at a lower temperattt¢TSp) than the SP tran-
CuGeQ (Ref. 1) has made it possible to study systematicallysition temperature previously reported an§ crosses the
the effect of impurities on SP systems. The effect of substiantiferromagnetic phase boundaryxat 0.024; this gives a
tution of Zr* " (S=0) for C¥" was studied by Haset al>  phenomenological explanation for the origin of the putative
and the appearance of an antiferromagnéE) phase at first-order phase transition.
temperatures below the SP transition temperatlieg)( was
reported®* Both dimerization superlattice and AF magnetic
peaks were observed by neutron-diffraction measurements ll. EXPERIMENTAL DETAILS
bEIOV.V the AF transition tempergturé‘,() (Re_fs. 5-7, the All the samples were high quality single crystals grown
coexistence of these two seemingly exclusive order paramyy ihe floating-zongFZ) method; the concentration of the
ete_rs was explained theoretically by using a phase Hamilyjq2+ o 72+ dilutant x was determined by inductively
fconlan method_‘._RecentIy, some of the_ pres_ent authors St‘_Jd'coupIed plasma atomic emission spectroscOBP-AES.
led the transition temperature vs impurity concentrationTq determine the phase boundary we paid special attention to
(T-x) phase diagram in Mg (S=0)-doped CuGe® by  any possible inhomogeneity of the impurity concentration.
means of dc susceptibility measuremehiiese authors ob- we show a rough sketch of typical bulk single crystals of
served the disappearance of the cusp due to the SP transitigy, _,M,GeOQ;, (M=Mg and Zn in Fig. 1. The crystals
and the sudden increase of the AF transition temperature &fere grown by using small pure or slightly doped CuGeO
an impurity concentratiorn= x.~0.023. They therefore con- single crystals as the seed crystals. When the seed crystal
cluded that there was a first-order phase transition betweerontains a smaller concentration than that of starting poly-
dimerized-antiferromagnetic (DAF) and uniform-  crystalline material, the actual grown crystal rod has a con-
antiferromagnetiQUAF) phases. The disappearance of thecentration gradient at the end corresponding to the initial
long-range ordefLRO) of the dimerization above a critical growth stage and then the concentration saturate at the later
impurity concentration was tentatively explained theoreti-growth stage. For the measurements of physical properties
cally as a second-order phase transitiomat0 K.1°Inthis  we used parts of the crystals in the saturated region, so that
paper we report detailed studies on the temperature depethie concentration distribution along tledirection of the
dence of the magnetic susceptibility and, consequently, theamples we have studied is within the inhomogeneity along
T-x phase diagram of Gu,M,GeQ; (M=Mg and Zn  the radial direction. We estimated the accuracy of the impu-
nearx~0.024 (Mg) and 0.02(Zn). We have obtained clear rity concentration from the fluctuation of the saturated con-
evidence for a first-order phase transition between UAF andentration in a few of the rods. From this we concluded that
DAF phases in these nonmagnetic impurity-doped systemany errors in the concentration are within 0.1% in
thereby strengthening the conclusion of the previous Work.Cuy, _,Mg,GeQ; and 0.3% in Cy_,Zn,GeQ; in the region
We have also used high-resolution synchrotron x-ray-of 0.02<x<0.03. It is apparent that Mg-doped CuGed
diffraction techniques to clarify the SP phase region in thepreferable to Zn-doped CuGgQor studies of impurity ef-
phase diagram. As a result we have confirmed the disappediects because of the more accurate controk.ofhe use of
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Mg?* as a dilutant made it possible to observe unambigusignalled by a maximum i@(xT)/dT. When there are two

ously the phase transition between the DAF and UAF phasegeaks ind(xT)/dT, we defineTy, and Ty, as the maxima

in impurity-doped CuGe@® Careful treatment of atlower and higher temperatures, respectijeie the inset

Zn*"-doped samples also have made a similar observatiom the upper left of Fig. @)]. If there is only one peak, we

possible in the present study. define the Nel temperature simply a§y. In this way we
Measurements of the dc magnetic susceptibility were perebtained theT-x phase diagram of Gu,Mg,GeQ; nearx,

formed with a commercial super conducting quantum intershown in Fig. 2b).

ference device magnetometey-MAG, Conductus Co., In Ref. 9 the existence of a first-order phase transition

Ltd.). The synchrotron x-ray-diffraction measurements werepetween the DAF and UAF phases was inferred from the
carried out at the MIT-IBM beamline X20A at the National opservation of a sudden increase T at x=0.023, the

Synchrotron Light SourcgNSLS), Brookhaven National broadening ofy.(T) aroundTy, and the disappearance of

Laboratory'* the cusp due to the SP transition. Instead of a single broad
peak, we now observe clear double peakg.below x.; is
IIl. EXPERIMENTAL RESULTS smoothly connected tdy; at X.;, while Ty, is smoothly
connected td \(X>X¢p) atXg,. ThereforeTy,; andTy, may

The magnetic susceptibility in an applied field parallel tobe confidently assigned as the AF transition temperatures
the c axis[ x(T)] in Cu;_,Mg,GeQ; samples around; in  with respect to the DAF and UAF phases, respectively. The
the region of 22T<5 K is shown in Fig. 2a). We observe lower Ty curve never joins with the highdry curve, which
clear double peaks in samples whesgare 0.0237, 0.0248, shows more directly the presence of the proposed first-order
0.0254, and 0.0271, while only one sharp peak is observed iphase transition. Note that the double peaks are observed in
0.0229 and 0.0288 samples. In contrast to the previoughe finite concentration regiomg; <x<Xg,, where the lower
measurementSye took the data using temperature steps ofand upper boundaries are separatedk iny amounts well
0.025 K; this reveals the detailed behavior of the susceptibilabove our resolution of concentration.
ity aroundx~X. . The inset in the bottom of Fig.(@ shows The phase transition between the DAF and UAF phases
xc(T) over a wider temperature range. One can see the disvas also verified in neutron-diffraction experimettlakao
appearance of the cusp ip.(T) around 10 K in thex et al®® determinedx, as ~0.027 by the observation of a
=0.0288 sample while the cusp exists in tke0.0271 peak of the effective magnetic moment and the jump of the
sample. This suggests that the SP transition still exists in thenagnitude of dimerization. This value is approximately
x=0.0271 sample and disappears in #¥%0.0288 sample. equal tox, of the present paper. On the other hand, from the
Here we definex;; as the concentration where the double magnetic susceptibility measuremertswas deduced to be
peaks first begin to appear, arg, as the concentratior, about 0.023. To determine at what temperature true SP-
where only one peak begins to be observed and at the sami®RO is attained, synchrotron x-ray diffraction is a superior
time the cusp iny.(T) corresponding toTgp disappears, technique to neutron diffraction, because of its naturally very
with increasingx. With these definitions, we obtai®;;  high resolution 0.0002 A 1). The peak profiles of lon-
=0.0237 andk.,=0.0271. In cases when we do not distin- gitudinal scans af1.5, 1, 1.5 of samples wittbx=0.021 and
guishx.; andx.,, we use simplyx., hereafter. We deter- 0.026 are shown in the inset of Figi.c2 We observe super-
minedTgp from the crossing points of linear functions fitted lattice peak in the samples wi®=0.023 but the peak width
to x.(T) above and below the putative transition. Weis far wider than the resolution limi5000 A) even at low
adopted Fisher’s theot§to determine the AF transition tem- temperatures, that is, we determine that only SP-SRO exists
perature, according to which the AF transition temperature isn these samples. The concentration dependence of the in-
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FIG. 2. (a) The magnetic susceptibility of Gu,Mg,GeQ; near the AF transition temperat@sg The applied field is 1000 Oe. The data
for differentx are shifted vertically. Double peaks are observed in the region of 0:02370.0271, while a single peak is observed in the
regions 0fx<<0.023 and 0.028x. The arrows indicate the anomaly due to the AF transition. The inset in the upper d¢fgE)/oT for
determiningTy, andTy,. The inset in the bottom shows the magnetic susceptibility in the same samplef)d271, 0.0288, and 0.0299
for 2<T<15 K. (b) The temperature vs concentration phase diagram determined by the magnetic susceptibility measurements. Open
circles, triangles, closed upward and downward triangle§ gpe Ty, Tn1, and Ty, respectively. Solid lines are guides to the ey Mg

concentration dependence of the inverse correlation length of the lattice dimerizalielaK. The inset shows representative superlattice
peak profiles.

verse correlation length at 4 K is shown in FigcR The CuGeQ but also in Zn-doped CuGeQ yx.(T) of
hatched zone corresponds to the double-peak region of they, _,zn GeOQ, (x=0.016, 0.017, 0.019, 0.023, and 0.025
DAF and UAF phases determined by the magnetic susceptin the region of 2T<5 K is shown in Fig. 3. Again we
bility measurements. The correlation leng#) (s larger than  observe double peaks in samples with? Zrconcentrations
the resolution limit of 5000 A at low temperatures fer  of x=0.017, 0.019, and 0.023, while a single peak is ob-
<X¢1, decreases drastically in the double peak region, anderved in thex=0.016 and 0.025 samples; generally, the
becomes much shorter at>X,. peak structure is not as clear as that of; CiMg,GeGQ;.

We now discuss the Zn-doped CuGg€ystem. As one d(xT)/JT is shown in the inset in the upper left. The am-
might expect, the phase transition between the DAF andbiguity seems to be due to the worse dilutant homogeneity in
UAF phases exists not only in the case of Mg-dopedthe Zn-doped samples compared with that of the Mg-doped
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FIG. 3. The magnetic susceptibility of €u,Zn,GeO; around

Ty . Double peaks are observed x#0.019, and 0.023 samples, FIG. 4. The experimental results ¢f) the magnetic suscepti-
while single peaks are observedxr:0.016 and 0.025 samples. In bility and (b) heat capacity in Cu.,Mg,GeQ; (x=0.017) sample.
x=0.017 the anomaly afy, is confirmed by Fisher's method

though it is not so clear in the raw susceptib_ility d_ata. The inset ina temperature which is rather lower than thep deduced
the bottom shows th&-x phase diagram. The inset in the upper left

. from the susceptibility measurements. The difference be-
IS (9(XHT)/§T. , . .
tweenTgp andT§p does not reflect any experimental artifact
because the behavior of the x-ray integrated intensity shows
almost the same temperature dependence as the peak inten-

samples as we explained in the previous section. In the casg . X i
of Zn-doped CuGeQ we obtain x,,~0.017 and X, sity of the neutron diffraction. We should note that the reso

- . . : lution of neutron diffraction is much less<(200-500 A)13
;Se.(t)?r?.thzhﬁgt_t)(()rﬁhs\is c()jkl)zgrr?/? anian(qc '%tsik:);v:_ég tgg and actually the peak intensity of the neutron diffraction cor-
CuGeG which is c;IoseI analodo Js tcE) that in M —go ed responds to the integrated intensity of the x-ray diffraction
CEGe% y gou 9-dopPel ithin the temperature region of interest.

Now let us return to the SP transition in the Mg-doped We show theT-x phase diagram of Gu,Mg,GeQ; in

. . Fig. 5. We have added s, as closed diamonds anfisp
CuGeQ system. Figures(4) and(b) show the experimental . SP ~ g
results of the magnetic susceptibility measurement and th etermined by the neutron diffractibies plusses there. The

heat-capacity measurement of CyMg,GeO; (x=0.017). sp decreases witlx and vanishes ax.~0.024, i.e., the

We observe a cusp due to the SP transitioiatL1.5 K in peak width does not tend to the resolution limit at low tem-

the magnetic susceptibiliyFig. 4a)]. As for heat capacity, peratures in theXx, region.
we observe an anomaly due to the SP transitionTat
~10.7 K [Fig. 4(b)]. From neutron-diffraction measure- — r & 1T

ments on the same concentration sample, it is found that the 15.0F : ;SP Ef;(;)r)on) i
superlattice peak intensity begins to increasd at10.8 K o T (xray)
in Fig. 2 of Ref. 13. The coincidence of these temperatures is A v T, (x(T)
good enough, and thus we concluded thg of the sample <10.0 A T, M) 1
is about 11 K. 3 v Te (M)

On the other hand, high-resolution x-ray-diffraction mea- Ei
surements lead to rather different conclusions. We observe g
that the peak width of the superlattice reflection is not reso- g 5.0
lution limited at theTgp determined above but rather it con- e

tinues to narrow as the temperature is lowered béelgwas
shown in Fig. 2 of Ref. 11. Here, we define the temperature

where the SP correlations become long rang€gsand it is 0.0 DaF ;) UAF

much lower thanTgp, especially forx nearx.. The length 000 002 004 006 008 010

5000 A, corresponding to the resolution limit of the measure-

ment, is much longer than the average impurity distance and X

consequently we may safely call the regionTet Tgp as the FIG. 5. T-x phase diagram of Gu,Mg,Ge0; obtained by sus-
SP long-range ord€iLRO) region. ceptibility measurements, x-ray diffraction and neutron diffraction.

SinceTgp is lower thanTgp, true SP-LRO only exists at Neutron-diffraction data is from Fig. 6 of Ref. 13.
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IV. DISCUSSION X1 <X<X¢, corresponds to the disappearance of SP-LRO,
which is the evidence for the phase transition between the
UAF and DAF phases by x-ray diffraction. Wheris larger
thanx., SP-SRO is still present in the system. However, it
should be considered as the result of critical fluctuations of

We find clear double peaks ig.(T) [Figs. 4a) and 3
and a corresponding jump dfy in the T-x phase diagram
[Fig. 2(b) and the inset of Fig. Bof Cu;_,M,GeQC; in the
region X1 <x<Xg,. While the jump ofTy is the strongest
evidence for the existence of a first-order phase transitioﬁhe true SP state found13fm<xc. . .
between the DAF and UAF phases, the double peaks suggest Recently, Nakaet al.> have reported neutron-diffraction
the existence of spatial phase separation at a critical conceffiéasurements performed on Mg-doped CuGedystals.
tration, which is characteristic of a first-order phase transi-' NiS group of authors, which included some of the present
tion. The measured phase separation region spreads ove@dthors, deduced the existence of the phase boundary be-
finite region x.; < X< X, Which is consistent with the phase tween the DAF and UAF phases from the sudden change in
transition being of the first order. When a first-order phaseSP lattice displacemen and effective magnetic moment
transition occurs, metastable phenomena, e.g., supercoolings at Xc. They have also proposed the existence of an
and superheating, appear around the critical point in generahtermediate phase with SP-SRO which is reentrant at low
The spread of the phase separation region over some nonzdemperatures, and the existence of a phase transition between
range suggests the existence of metastable states as is indeleel DAF and UAF phases dt=0 K. This reentrancy has
observed in the x-ray measuremeHtsVe should note that also been clearly seen in recent low-temperature synchrotron
this spread does not come from inhomogeneity of the impux-ray measurements.

rity distribution in the case of Mg-doped CuGgbecause While some of the extant theories provide a qualitative
the concentration fluctuation is within 0.1% as shown in Fig.description of how impurity doping suppresses the SP phase
1. and how the AF phase is induc&d®they fail to explain the

~ The fact thafspis much lower thaiT'sp gives significant  transition between the DAF and UAF phases reported in our
insight into how the SP order collapses with increasing IMpaper. Saitd has recently proposed a model for the phase
purity concentrationTgp is the transition temperature in- transition between the DAF and UAF phasesTat0 K,
ferred from the dip in the magnetic susceptibility, the jump_and very recently she showed that the order of the phase
of the heat capacity, and the appearance of measurable difngjtion depends on the ratio between the spin-lattice cou-
fraction intensity at the SP superlattice peak positions. Th%Iing and the interchain interactidf According to her work,

coincidence of SP transition temperaturésp in various the phase transition between the DAF and UAF phases can
measurements, suggests that the correlation length of ttbe

dimerization of~500 A, which corresponds to the resolu- e of first order in the case of relatively large interchain

e . e - interaction.
tion limit of the neutron diffraction, is sufficient for the open- . . . o .
ing of the SP energy gap. In contrast to the case of pure While a detailed theoretical description of the two differ-

CuGeQ system wherd sp and T4, are the sam& the one- ent AE phases at nonzero temperatures is §ti|l_ absent, the
dimensional spin chain is cut at the impurity site in thebehawor ofTy as a function pfx can be.qualltatlvely ex-
Cu,_,M,GeO; system. ForTsp>T>T.p, the phase of pla!ned_ as follows. The one-dlmensmnahtygéthe spin inter-
dimerization is likely pinned at the impurity sites, which is action n CuGe@ appears not_to be as goodas that of
similar to the strong pinning interactions between the impu-onventional organic SP materidfsThe T-x phase diagram
rities and magnetic solitons which was suggested in the in®f CuGeQ therefore would be that of a typical diluted anti-
commensurate phase in Cy(Zn, Ni),Ge0;.*® However, ferromagnet, ie., a monotonic d_e.creaseTgfwnh X would _
only local lattice rearrangements are needed to change e observed, if the SP transition had not occurred in
phase at an impurity site. As the temperature decreases akd/GeQ. Actually, the occurrence of the SP phase sup-
the interchain interactions and spin-phonon coupling favorpresses the AF phase completely in pure Cuge&s x in-
ing the SP state become relatively more important, the indicreases, the SP phase is suppressed and the DAF phase de-
vidual finite SP domains begin to correlate with each othewelops at an infinitesimally small impurity concentratfon,
over large distances, and &, LRO is finally established. and atx, the SP-LRO disappears and the phase transition
This model which could yield either a tricritical point with from the DAF to UAF phase occurs. Since the SP-SRO,
its concomitant first-order phase transition or a more complihowever, still exists above., the AF phase is suppressed,
cated reentrant scenario as in certain spin glass systems. Thifd T\, exhibits a plateau fox,<x=<0.04. Forx=0.04 any
is discussed briefly in Refs. 11 and 16. SP-SRO is very weakRef. 13 and therefore typical behav-
Therefore, forTsp>T>Tgp, the SP energy gap and the jor of a diluted antiferromagnet, that is, a monotonic de-
dimerization coexist though the lattice dimerization does notrease offy with x, is observed.
attain LRO. Considering that the peak width determined in
x-ray-diffraction measurements decreases gradually with de-
creasing temperature anq that there is no anomaly i.n the V. CONCLUDING REMARKS
susceptibility, heat capacity, and neutron peak intensity at
Tsp, We cannot determine definitively whether the change We have confirmed the phase transition between the UAF
from SP-SRO to SP-LRO is a true phase transition or and DAF phases in Mg-doped CuGg®y detailed suscep-
crossover. The important point is th@f,, the temperature tibility measurements and high-resolution synchrotron x-ray-
where ¢ is much longer than the average impurity distancediffraction studies. The results of previous neutron-
vanishes around, [Figs. 4c) and 5. The jump of Ty at  diffraction experiments also suggested a similar phase
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Our x-ray-diffraction measurements show that the S
dimerization attains long-range order only for<x.. Thus
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